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ABSTRACT 
The objective of this research is to extend the use of P-wave and S-wave ultrasonic wave 
reflection (UWR) to monitor stiffening and setting of portland cement paste. The research 
focuses especially on the very early hydration period, during the first hours after mixing. For 
such purpose, it is necessary to obtain higher measurement sensitivity, in this case by employing 
a buffer (high impact resistance polystyrene or HIPS) with acoustic impedance that is close to 
that of cement paste. The use of the HIPS buffer together with a new signal compensating 
method provides sensitive, accurate and reliable measurements on the stiffening and setting of 
early-age cement paste. In order to study the stability of the HIPS buffer, UWR responses from 
various chemical solutions are tested. The ability to characterize solution properties, such as 
solution concentration and density, with P-wave UWR is reported. UWR responses from 
dispersed and flocculated alumina suspensions are measured in order to provide deeper 
understanding of the UWR response from cement paste. P-wave UWR is affected by amount of 
segregation, and S-wave UWR is affected by extent of flocculation. Based on the findings of 
these fundamental experiments, P- and S-wave UWR responses from hydrating Portland cement 
paste are interpreted. Criteria to define set conditions based on UWR are proposed: initial set is 
defined as the time at which S-wave acoustic impedance of 0.09 MRayls occurs, and final set by 
the time at which minimum of the first time derivative of S-wave UWR curve occurs. S-wave 
UWR is also applied to characterize premature stiffening of cement paste, where premature 
stiffening is indicated by the rapid linear drop in S-wave UWR in the first hour after mixing. 
Finally, novel applications of P-wave UWR are proposed for cement paste, including sensing 
differences in paste w/c, resulting from changes in the solid content (density), and detection of 
the onset of partial debonding, most likely resulting from autogenous shrinkage of the paste.  
iii 
 
ACKNOWLEDGEMENTS 
First of all, I would like to express the deepest gratitude and sincere appreciation to 
Professor John S. Popovics. As an academic and research advisor, the guided me throughout the 
whole research program, inspired me for a new level of research, and supported me throughout 
the course of my Ph.D. study. I especially appreciate his excellent insight in the field of 
nondestructive evaluation and the thoughtful discussions regarding the construction materials. 
Without his kind assistance, I might have not obtained such a progress for Ph.D.  
I also would like to express my heartiest gratitude and appreciation to Professor Leslie J. 
Struble. Her support has been very special to me and to my research experiences because my 
understanding on construction materials has been mostly achieved from the research experience 
with her. I really appreciate for her patience, encouragement, and criticism, in addition to being a 
co-advisor for my Ph.D study. I also would like to appreciate the financial support by Professor 
Popovics and Struble during my Ph.D studies.  
Special thanks are also due to my research colleague Mr. Prannoy Suraneni. His support 
and willingness toward this research enabled me to derive valuable conclusions on the ultrasonic 
wave reflection measurements. In addition, I would like to express my appreciation to Miao 
Miao for the rheological measurements on alumina suspensions. I also want to mention that I 
have enjoyed the research project on penetration resistance of cement paste, the work done 
together with In-Young Park and Maciej Mroczek. I really appreciate their efforts since the work 
provided the guideline for cement paste setting time. 
I would also like to express my appreciation to Dr. Chang-Joon Lee and Dr. Jun-Ho Shin, 
who obtained Ph.D degree earlier in this university. Chang-Joon’s advice and our discussion 
provided me to solve some problems in Labview programming, which has been important at the 
iv 
 
beginning of this project. Jun-ho’s encouragement always refreshed me and gave me a motive for 
continuous research.  
I appreciate my friends, Dr. Chun-tao Chen, Dr. Lin Shen, Dr. Yunbo Chen, Dr. Andres 
Salas, Dr. Gonzalo Gallo, Professor Jae-Yong Lee, Professor Seong-Seok Go, Kerry Hall, 
Amanda Bordelon, Dr. Xinying Lu, Dr. Linnu Lu, Tae-Keun Oh, Su-Yun Ham, Seung-Min Lim, 
and Hyun-Gu Jeong. Their friendships and companionship provided refreshment while I was in 
the University of Illinois. I was able to get through the Ph.D. work more enjoyably due to their 
silent support.  
Finally, I appreciate Professor Paramita Mondal for the discussions on the organization of 
Concrete Materials course. My teaching assistant experience with her was very enjoyable and 
helpful, and I was able to learn very important things for the preparation of the course. In 
addition, her information and discussion regarding application process for faculty positions was 
invaluable considering my future career.  
This project has been supported by ACBM and Consolis Oy. I am so deeply appreciative 
that the research project which they have given to me could take me into the next level of 
knowledge in the field of cement chemistry and nondestructive evaluation.  
Finally I would like to thank my parents, Yong-Hui Chung and Young-Hee Choi for their 
love and support, without which this work could not be completed. I also want to deliver my 
grateful accomplishments to my son Brian (Jae-Hwan) Chung and my wife Young-Sook Yoon. 
They have been always a source of happiness for my life, the momentum for my work. 
 
 
 
v 
 
TABLE OF CONTENTS 
LIST OF TABLES…………………………………………………………………………….......x 
LIST OF FIGURES..…………………………………………………………..………….……...xi 
1. RESEARCH MOTIVATION AND OBJECTIVE ................................................................... 1 
2. REVIEW OF LITERATURE ................................................................................................... 5 
2.1. Stiffening of cement paste .................................................................................. 5 
2.1.1. Hydration and stiffening of cement paste ........................................................... 5 
2.1.1.1. Calcium silicates ................................................................................................. 5 
2.1.1.2. Calcium aluminates ............................................................................................ 7 
2.1.1.3. Alkali sulfates ..................................................................................................... 9 
2.1.1.4. Calcium sulfates ............................................................................................... 10 
2.1.2. Other factors affecting stiffening ...................................................................... 12 
2.1.3. Premature stiffening ......................................................................................... 15 
2.2. Penetration resistance ....................................................................................... 17 
2.3. Ultrasonic wave reflection ................................................................................ 19 
2.3.1. Background ....................................................................................................... 19 
2.3.2. Signal processing .............................................................................................. 21 
2.3.3. Application of UWR to cement based materials .............................................. 25 
3. EXPERIMENTAL PROCEDURES AND MATERIALS ..................................................... 29 
3.1. Penetration resistance ....................................................................................... 29 
3.1.1. Materials ........................................................................................................... 29 
3.1.2. Mixing procedures ............................................................................................ 31 
3.1.3. Measurement of penetration resistance ............................................................ 32 
vi 
 
3.2. Ultrasonic wave reflection ................................................................................ 33 
3.2.1. Preparation of chemical solution ...................................................................... 34 
3.2.2. Preparation of alumina suspension ................................................................... 34 
3.2.3. Preparation of hydrating cement paste ............................................................. 35 
3.2.4. Ultrasonic Wave reflection measurements ....................................................... 36 
3.2.5. Ultrasonic P-wave velocity measurements ....................................................... 38 
3.3. Dynamic shear rheometry ................................................................................. 39 
3.4. Temperature rise ............................................................................................... 39 
3.5. Phase analysis (for determining premature stiffening) ..................................... 40 
4. PENETRATION RESISTANCE OF CEMENT PASTE ....................................................... 43 
4.1. Results .............................................................................................................. 43 
4.1.1. Refinements in experimental procedures ......................................................... 43 
4.1.2. Initial and final setting times for cement paste ................................................. 50 
4.2. Discussion ......................................................................................................... 54 
4.3. Conclusions ...................................................................................................... 55 
5. SOLUTION CONCENTRATION MEASUREMENTS USING UWR ................................ 57 
5.1. Modification in signal processing ..................................................................... 57 
5.2. Results .............................................................................................................. 57 
5.2.1. The accuracy and sensitivity of reflection coefficient measurements .............. 59 
5.2.2. Reflection coefficient and concentration .......................................................... 60 
5.2.3. Reflection coefficient and density .................................................................... 61 
5.2.4. Reflection coefficient and wave velocity ......................................................... 62 
5.2.5. Computing solution density .............................................................................. 63 
vii 
 
5.3.       Discussion …………………………………………………………………….66 
5.4. Conclusions ...................................................................................................... 68 
6. ALUMINA SUSPENSION MEASUREMENT USING UWR ............................................. 69 
6.1. Results .............................................................................................................. 69 
6.1.1. Oscillatory rheology ......................................................................................... 69 
6.1.2. Ultrasonic wave reflection ................................................................................ 71 
6.1.2.1. Dispersed and flocculated alumina suspensions ............................................... 71 
6.1.2.2. Changing state of alumina suspensions ............................................................ 73 
6.1.3. Settlement ......................................................................................................... 77 
6.2. Discussion ......................................................................................................... 80 
6.3. Conclusions ...................................................................................................... 83 
7. STIFFENING AND SETTING OF CEMENT PASTE ......................................................... 84 
7.1. Results for normal cements .............................................................................. 84 
7.1.1. Penetration resistance ....................................................................................... 84 
7.1.2. Ultrasonic S-wave reflection ............................................................................ 86 
7.1.2.1. Choice of buffer ................................................................................................ 86 
7.1.2.2. Determination of setting time ........................................................................... 87 
7.1.2.3. The effect of water to cement ratio ................................................................... 94 
7.1.2.4. Relationship between water to cement ratio and setting time .......................... 97 
7.1.2.5. Comparison of ultrasonic S-wave reflection and penetration resistance .......... 97 
7.1.3. Ultrasonic P-wave reflection on w/c 0.5 cement paste ..................................... 99 
7.1.4.      Temperature rise in the specimen …………………………………………...101 
7.1.5. Effect of room temperature ............................................................................. 103 
viii 
 
7.2. Results for abnormal cements (premature stiffening) .................................... 104 
7.2.1. Unhydrated cements ....................................................................................... 104 
7.2.2. Hydrated cements ........................................................................................... 106 
7.2.3. Penetration resistance ..................................................................................... 109 
7.2.4. Ultrasonic wave reflection ...............................................................................110 
7.3. Discussion ........................................................................................................113 
7.3.1. Comparison between ultrasonic S-wave reflection and penetration  
resistance ……………………………………………………………………………….113 
7.3.2. Criterion for initial set .....................................................................................116 
7.3.3. Criterion for final set .......................................................................................118 
7.3.4. Sensitivity of ultrasonic S-wave measurements ..............................................118 
7.3.5. Premature stiffening ........................................................................................119 
7.4.       Conclusions…………………………………………………………………..121 
8. NEW APPLICATIONS FOR P-WAVE UWR ..................................................................... 123 
8.1. Results ............................................................................................................ 123 
8.1.1. Ultrasonic P-wave reflection with various w/c cement paste ......................... 123 
8.1.2. Material segregation and its effect on ultrasonic P-wave reflection............... 125 
8.1.3. The effect of ultrasonic waves on the cement paste microstructure ............... 127 
8.2. Discussion ....................................................................................................... 131 
8.2.1. Determination of w/c ...................................................................................... 131 
8.2.2. Partial debonding ............................................................................................ 132 
8.2.3. Autogenous shrinkage .................................................................................... 133 
8.2.4. Other possible applications ............................................................................. 134 
ix 
 
8.3. Conclusions .................................................................................................... 134 
9. SUMMARY AND FINAL CONCLUSIONS ...................................................................... 136 
10. REFERENCES .................................................................................................................... 140 
APPENDIX A. CONSTRUCTION OF LABVIEW PROGRAM……………………………...149 
APPENDIX B. GUIDE TO OBTAIN REPRODUCIBLE ULTRASONIC WAVE  
REFLECTION MEASUREMENTS ..………………………...……………………………….173 
APPENDIX C. THE USE OF SEMI-ADIABATIC CALORIMETRY FOR  
HYDRATION STUDIES OF CEMENT PASTE ..…………………………………………….180 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
 
 
LIST OF TABLES 
Table 3.1. Chemical compositions (% by mass) and physical properties of cements .................. 30 
Table 3.2. Proportions for paste, mortar and concrete mixtures. .................................................. 32 
Table 5.1. Properties of solutions used in the experiment ............................................................ 58 
Table 5.2. Error of calculated acoustic impedance (from UWR measurement) 
with respect to actual acoustic impedance (from direct measurement) of various solutions ........ 64 
Table 5.3. Reflection coefficient and density values for repeated trials of selected  
1 M solutions. ……………………………………………………………………………………67 
Table 7.1. Initial and final set measured from penetration resistance of  
various w/c cement paste. ................. …………………………………………………………....85 
Table 7.2. S-wave acoustic impedance values of various buffers ................................................. 87 
Table 7.3. Initial and final set time and statistical values for w/c = 0.5 repetitions ...................... 90 
Table 7.4. Initial and final set times and statistical values for various buffers. ............................ 91 
Table 7.5. Initial and final set times for cement pastes with varying w/c ..................................... 96 
Table 8.1. Comparison between the onset of partial debonding and final set.  
Note that the left value without parenthesis is the time that the partial debonding  
occurs and the value in parenthesis is the time of first minimum point  
after the onset of partial debonding. ........................................................................................... 132 
 
 
 
 
xi 
 
 
LIST OF FIGURES 
Figure 1.1. The effect of buffer type (stainless steel and HIPS polymer)  
on ultrasonic wave reflection measurements on hydrating cement paste ....................................... 3 
Figure 2.1. Rate of heat evolution during hydration of C3S [10] .................................................... 7 
Figure 2.2. Schematic illustration of stiffening of cement paste [26] ........................................... 14 
Figure 2.3. Typical averaged time domain signal showing multiple P-wave pulses  
reflected from buffer-air interface. ................................................................................................ 22 
Figure 2.4. Typical frequency domain spectrum for windowed first echo  
reflection pulse in Figure 2.3. ....................................................................................................... 22 
Figure 2.5. Illustration of analytical procedure for calculation of the reflection coefficient ........ 24 
Figure 3.1. Schematic diagram of UWR testing setup for cement paste ...................................... 36 
Figure 3.2. Schematic drawing of testing setup to measure VP of solutions. ............................... 38 
Figure 4.1. The penetration resistance of cement paste (w/c 0.4) (a) from  
which bleed water was removed and (b) from which bleed water was not removed. .................. 45 
Figure 4.2. The amount of bleed water in cement paste (w/c 0.50) depending on  
whether specimen was moved and how penetration was performed ............................................ 46 
Figure 4.3. Penetration resistance data of cement paste (w/c 0.40 and 0.50) showing  
(a) full scale and (b) expanded scale ............................................................................................. 48 
Figure 4.4. The effect of needle spacing on penetration resistance of cement paste (w/c 0.40) ... 49 
Figure 4.5. The penetration resistance of cement paste (w/c 0.40) with all variables  
controlled ...................................................................................................................................... 50 
Figure 4.6. Penetration resistance for cement mortars and paste, w/c 0.4. ................................... 51 
xii 
 
Figure 4.7. Penetration resistance for cement mortars and paste, w/c 0.5. ................................... 52 
Figure 4.8. Penetration resistance of pastes using different Type I cements.  
The blue dashed lines indicates initial set and purple dotted line indicates the final set. ............. 53 
Figure 5.1. Reflection coefficient as a function of directly measured acoustic impedance  
for 0.5 M and 1.0 M NaCl, NaOH, Na2CO3, and NH4Cl solutions.  
The dashed line indicates reflection coefficient calculated by equation 2.11. .............................. 59 
Figure 5.2. Reflection coefficient as a function of solution concentration  
for NaCl, NaOH, K2CO3, and Na2CO3. The dashed line represents a best-fit linear relation  
to the NaCl data; the equation for the best fit line is shown. ........................................................ 61 
Figure 5.3. Reflection coefficient as a function of solution density for the same solutions  
as in Figure 5.2. ............................................................................................................................. 62 
Figure 5.4. Reflection coefficient as a function of P-wave velocity for NaCl, NaOH, Na2CO3,  
and NH4Cl solutions. The dashed line represents a best-fit linear relation to all the data;  
the equation for the best fit line is shown. .................................................................................... 63 
Figure 5.5. Calculated acoustic impedance (computed from measured reflection coefficient) 
versus real acoustic impedance (computed from measured P-wave velocity and density) of  
NaCl, NaOH, Na2CO3, and NH4Cl solutions. Dashed line indicates the line of equality. ............ 64 
Figure 5.6. Density computed using Eqn. 5.3 versus measured density (Table 5.2). 
 Z1 is assumed to be 2.27 MRayls. ............................................................................................... 65 
Figure 6.1. Dynamic rheology response of 40% alumina suspensions......................................... 70 
Figure 6.2. S-wave UWR response of dispersed and flocculated 40% alumina suspensions. ..... 72 
Figure 6.3. P-wave UWR response of dispersed and flocculated 40% alumina suspensions. ..... 73 
Figure 6.4. S-wave UWR responses of suspension under changing states:  
xiii 
 
(a) dispersed to flocculated and (b) flocculated to dispersed. ....................................................... 75 
Figure 6.5. P-wave UWR responses of suspension under changing states:  
(a) dispersed to flocculated, (b) flocculated to dispersed. ............................................................ 76 
Figure 6.6. Photographic images of dispersed and flocculated suspensions  
(a) dispersed suspension at 3 day, (b) dispersed suspension at 7 days,  
(c) flocculated suspension at 3 day, and (d) flocculated suspension at 7 days.  
The black bars indicate initial and final levels of solids.  
Note that the graduates are marked in increments of 0.5 ml. ....................................................... 78 
Figure 6.7. UWR response of coarse particle suspensions. .......................................................... 80 
Figure 7.1. Penetration resistance of cement pastes with varying w/c.  
Note that the trend lines are based on an exponential fit. ............................................................. 85 
Figure 7.2. Ultrasonic S-wave reflection responses from cement paste  
with varying buffer type. ............................................................................................................... 86 
Figure 7.3. Repeated ultrasonic S-wave reflection responses for w/c 0.5 cement paste .............. 88 
Figure 7.4. The acoustic impedances computed from reflection coefficients of  
w/c 0.5 cement pastes. The reflection coefficient data are shown in Figure 7.3. ......................... 89 
Figure 7.5. The acoustic impedances of w/c 0.5 cement paste calculated using  
various buffers. Note that the data from 304 stainless steel are not presented  
because those data are off-scale. ................................................................................................... 91 
Figure 7.6. The first derivative with respect to time of S-wave reflection response  
for several w/c 0.5 cement pastes ................................................................................................. 93 
Figure 7.7. The first derivative with respect to time of S-wave reflection coefficient  
from w/c 0.5 cement paste for varying buffer type ....................................................................... 94 
xiv 
 
Figure 7.8. The ultrasonic S-wave reflection responses from cement pastes with varying w/c ... 95 
Figure 7.9. The first derivative with respect to time of ultrasonic S-wave reflections  
from cement pastes with varying w/c ........................................................................................... 95 
Figure 7.10. The relationship between w/c and the setting times measured  
by UWR and penetration resistance .............................................................................................. 97 
Figure 7.11. The comparison of setting times measured by ultrasonic S-wave reflection  
and penetration resistance. Note that the data points from the earlier setting time  
(left part of the data set) to later setting time (right part of the data set)  
corresponds to the increase in w/c of the cement paste:  
w/c 0.35, 0.4, 0.5, and 0.6, respectively. ....................................................................................... 98 
Figure 7.12. Multiple ultrasonic P-wave reflection responses for w/c 0.5 cement paste.  
Note that transducers were attached at the bottom. .................................................................... 100 
Figure 7.13. Ultrasonic P-wave reflection responses from w/c 0.5 cement paste  
for varying buffer type. Note that transducers were attached at the bottom. .............................. 100 
Figure 7.14. Temperature change of w/c 0.5 cement paste obtained  
during UWR measurement. ........................................................................................................ 102 
Figure 7.15. Ultrasonic S-wave reflection responses from cement paste with varying w/c.  
Note that the w/c 0.45 and 0.55 samples were measured at a temperature  
approximately 2ºC lower than the others. Transducer was attached at the bottom. ................... 104 
Figure 7.16.  X-ray diffraction patterns of three commercial cements 
– salicylic acid/methanol (SAM) extracted. Note that the rectangular area defined by the dashed 
line is represented at the upper right corner of this plot. Also note that the units of  
the y-axis (X-ray intensity) are counts per seconds (cps),  
xv 
 
where each tick represents 200 cps. ............................................................................................ 105 
Figure 7.17. XRD patterns of unhydrated and hydrated cement 1.  
Note that each tick on the y-axis represents 200 cps. ................................................................. 107 
Figure 7.18. XRD patterns of unhydrated and hydrated cement 2.  
Note that each tick on they-axis represents 200 cps. .................................................................. 107 
Figure 7.19. XRD patterns of unhydrated and hydrated cement 3.  
Note that each tick on they-axis represents 200 cps. .................................................................. 108 
Figure 7.20. Photographic image of cement paste that exhibits premature stiffening.  
Photo taken 5 minutes after mixing. ........................................................................................... 109 
Figure 7.21. Penetration resistance of various cements.  
Note that cements 1 and 3 show premature stiffening .................................................................110 
Figure 7.22. Ultrasonic wave reflection responses from various cement pastes.  
Note that cements 1 and 3 show premature stiffening ................................................................. 111 
Figure 7.23. Ultrasonic wave reflection responses of cements that exhibit premature  
stiffening. Note that hemihydrate was added to increase the level of false set. ...........................113 
Figure 8.1. Ultrasonic P-wave reflection responses of various cement pastes  
with varying w/c. Note that the w/c 0.45 and 0.55 specimens were measured  
at the temperature approximately 2ºC lower than the others.  
Transducers were attached at the bottom. ................................................................................... 124 
Figure 8.2. The relationship between w/c and ultrasonic P-wave reflection  
coefficient at 30 minutes. ............................................................................................................ 125 
Figure 8.3. The ultrasonic P-wave response of cement paste with and  
without 0.3% superplasticizer addition. Transducers were attached at the bottom. ................... 126 
xvi 
 
Figure 8.4. Repeated ultrasonic P-wave responses for w/c 0.5 cement paste.  
Note that two P-wave transducers were used:one at the side and the other at the bottom.  
Also note that the dashed lines indicates the data from side mount transducer. ......................... 127 
Figure 8.5. Ultrasonic P-wave response of w/c 0.35 cement paste.  
Two P-wave transducers were used:one at the side and the other at the bottom. ....................... 129 
Figure 8.6. The photographic image of HIPS container after an ultrasonic wave  
reflection measurement. The left part of the container shows the cement deposits  
(shape of round transducer with grey color), and it is the location for S-wave transducer. ....... 130 
Figure 8.7. The photographic image of cement paste through glass buffer after  
ultrasonic wave reflection measurement. The left part of the container is the location  
for S-wave transducer, and the right part of the container (dark area) is the location  
for P-wave transducer. ................................................................................................................ 130 
 
1 
 
1. RESEARCH MOTIVATION AND OBJECTIVE 
This research was initially motivated by a finishing problem exhibited by a commercial 
portland cement. The characteristic of this problem was that the bulk of the concrete was still 
fluid but the surface was partially hardened and torn during troweling. When such behavior 
occurred, the concrete surface became rough and cracked. The problem has been observed only 
for flatwork (slabs) cast during summer months. A research project was initiated at the 
University of Illinois at Urbana-Champaign in March 2002 to ascertain the cause of the finishing 
problem, to suggest process changes to correct the problem, and to provide a test procedure that 
can be run at the plant to predict cement performance. Although the cause of finishing problem 
was not completely understood, we have found that certain hydration reactions produced 
premature stiffening. Thus, in MS work performed by Chung [1], cements that caused specific 
hydration reactions were produced, and penetration resistance and dynamic rheology tests were 
used to monitor their stiffening.  
Generally, two tests have been widely used to determine setting time of cement paste: the 
Proctor test [2] and the Vicat test [3]. The Vicat test uses mixtures with dry consistency, and 
gives almost no information on gradual changes due to the hydration. For this reason the Proctor 
test (C 403) was used for monitoring stiffening of cement paste in our previous work [1, 4]. In 
addition, we have applied the dynamic rheology technique to correlate hydration and rheological 
behavior of cement paste [5, 6].  
In most cases, the Proctor test and dynamic rheology are sufficient to monitor stiffening 
due to ordinary C-S-H hydration. Premature stiffening, however, results not from C-S-H 
hydration, but mostly to reactions related to the level and the form of sulfate in the cement. 
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Premature stiffening starts prior to initial set, occurring mostly during mixing; this is why it is 
called “premature.” Premature stiffening can cause serious problems for concrete production.  
In the preliminary work [1], some of the cement pastes that showed premature stiffening 
(AFm and syngenite formation) could not be tested with dynamic rheology because they had 
already passed the stress limit of the instrument. The ASTM Proctor test (C 403) was able to 
measure stiffening until final set, but this technique measures data at discrete time periods, and it 
is likely that we missed hydration events in between each measurement that are necessary to 
understand premature stiffening. In addition, these techniques are limited to cement paste or 
mortar, and cannot be used for concrete. Thus, it is necessary to find additional techniques that 
have no stress limit, are able to collect data continuously, and can be applied to concrete.  
Therefore, we propose to use the ultrasonic wave reflection technique (UWR) for 
monitoring early hydration of cement paste. UWR measures reflected ultrasonic wave energy at 
the interface between a buffer material and cement paste or concrete. When cement paste shows 
fluid consistency, the amount of reflected wave energy is relatively large, especially for incident 
shear waves. As the cement paste hydrates and its acoustic impedance increases to be closer to 
that of buffer material, more ultrasonic wave energy passes though the concrete and less reflects 
back to the transducer, allowing microstructural changes due to hydration to be detected.  
Shear wave (S-wave) UWR has been widely used for prediction of hydration and strength 
development of concrete. However, most of the work concentrated on concrete, and on ordinary 
stiffening caused by calcium silicate hydration [7, 8]. In addition the buffer materials that were 
used, steel [7] and fused quartz [8], have relatively high acoustic impedance. With low acoustic 
impedance (yet low energy loss) buffer material, is possible to enhance the sensitivity to early 
changes due to premature stiffening. Recently, Subramaniam has used a polymethylmethacrylate 
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polymer (PMMA) buffer material to study setting behavior of cementitious material [9]. 
However, S-wave reflection only allows detection of the hardening process after initial set. Since 
P-waves can also penetrate liquid, we will also explore the use of P-waves to detect subtle 
changes of cement paste during the early hydration period, before the occurrence of initial set.  
 
Figure 1.1. The effect of buffer type (stainless steel and HIPS polymer) on ultrasonic wave 
reflection measurements on hydrating cement paste 
 
The main objective of this research is to develop and extend the use of UWR to monitor 
stiffening of cement paste during the very early hydration period. The sensitivity of the UWR 
measurements depends on the choice of buffer; a low acoustic impedance buffer such as high 
impact resistant polystyrene (HIPS) shows greater drop in reflection coefficient than 304 
stainless steel, as presented in Figure 1.1 for hydrating cement paste with w/c=0.5. The higher 
sensitivity at early ages is enhanced by use of lower acoustic impedance buffer. HIPS buffer also 
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shows an unexpected response: a notable drop in value within 1 hour. One objective of this 
research is to develop a better understanding of the UWR response: the physical bases for these 
responses will be determined.  
In order to achieve these objectives, various stages of research have been performed. 
Chapter 2 presents the review of literature regarding cement hydration and stiffening, premature 
stiffening, and fundamental concepts on the ultrasonic wave reflection measurement. In Chapter 
3, details on experimental procedure are described. Chapters 4 to 8 correspond to individual 
research steps for achieving the main objective of this work. In Chapter 4, the initial and final set 
time for cement paste was measured based on penetration resistance measurements. Chapters 5 
to 6 discuss the fundamental issues of UWR measurements. Chapters 7 to 8 study the application 
of ultrasonic wave reflection to monitor early stiffening of cement paste. The UWR responses of 
cements showing a range of early hydration reactions, including both ordinary and premature 
stiffening, are investigated in these chapters. 
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2. REVIEW OF LITERATURE 
2.1. Stiffening of cement paste 
The stiffening of cement paste depends not only on various factors such as the flow 
behavior of liquid suspensions, but also on hydration process. Cement paste begins to hydrate 
immediately after it is mixed with water. As a result of hydration, cement paste begins to harden 
and loses its liquid properties by the growth of hydration product. Therefore, it is necessary to 
consider hydration reactions to understand the stiffening behavior of cement paste. In this chapter, 
background information on cement hydration is provided in order to correlate the effect of 
cement hydration on the stiffening and setting of cement paste. Particular attention is paid to the 
aluminate phase hydrations - among all the hydration reactions, these are most likely to cause 
premature stiffening problems.  
2.1.1. Hydration and stiffening of cement paste 
2.1.1.1. Calcium silicates 
Ordinary portland cement consists of four main phases, tricalcium silicate (C3S), dicalcium 
silicate (C2S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF). Especially, 
the amount of C3S is about 60% or higher, and thus C3S hydration is mainly affecting the 
behavior of portland cement paste. Since this phase constitutes the majority in portland cement, it 
is often used as a model to describe overall hydration of Portland cement. Hydration 
stoichiometry is presented in Equation 2.1 [10]:  
2C3S + 11H Æ C3S2H8 (mostly described as C-S-H) + 3CH        (2.1) 
where C-S-H indicates poorly crystalline or amorphous calcium silicate hydrate of unspecified 
composition [11], and CH is calcium hydroxide.  
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In Figure 2.1, five stages of C3S hydration are presented. When C3S is mixed with water, 
the rapid evolution of heat (stage 1) occurs. Stage 2 is referred to as an induction or a dormant 
period. This period shows relative inactivity compared to other stages. The reasons for the drastic 
slowing down of the hydration rate within a few minutes of mixing with water, seen in the paste 
hydration of C3S, and a renewed acceleration of the reaction after a dormant period typically 
lasting several hours, are not obvious. It is often said that this inactivity comes from nucleation 
process, but it is most likely attributed to the formation of hydration product around cement 
particle which prevents dissolution of calcium ions [12]. During the induction period, cement 
paste is a suspension of solid particles in an aqueous solution for several hours, increasing 
concentration of Ca2+ ions in the solution. When the concentration of Ca2+ passes a critical level, 
nucleation of Ca(OH)2 occurs and C-S-H accelerate hydration [12]. At this point, initial set is 
known to occur, and cement paste starts to lose its liquid properties. The hydration of C3S 
continues to increase rapidly until the end of acceleration period (stage 3). After final set, 
hydration starts to slow down (stage 4), and finally reaches steady state (stage 5). To reduce the 
length of induction period, Ca2+ ion can be externally supplied. The addition of CaCl2 accelerates 
the hydration by decreasing the length of induction period. It is also known that the external 
supply of hydrated cement particles (or C-S-H particles) decreases the length of induction period. 
This is often called as seeding effect. Such hydrated particle is known to provide the nucleation 
site for further hydration [12].   
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reaction of C3A [14]. The reaction stoichiometry causing flash set is given by [10]:  
C3A + 21H Æ C4AH13 + C2AH8.                      (2.3) 
When gypsum is present, C3A hydrates to form ettringite (AFt). The reaction stoichiometry of 
C3A to form AFt is [10]: 
C3A + 3C S H2 + 26H Æ C6A S 3H32 (ettringite, AFt).         (2.4) 
When the gypsum has been used up, further C3A hydration causes reaction with ettringite to form 
calcium monosulfoaluminate. The reaction stoichiometry of calcium monosulfoaluminate 
formation is [10]: 
C3A + C6 S 3H32 + 4H Æ 3C4A S H12 (calcium monosulfoaluminate, AFm).  (2.5) 
Normally sulfate is consumed before the C3A has completely hydrated. When sulfate is 
depleted, pH increases and ettringite becomes unstable, ettringite transforms to calcium 
monosulfoaluminate. From this point, the diffusion barrier is broken and C3A reacts rapidly. In 
ordinary Portland cements, the molar ratio of SO3 to C3A ranges from 0.7 to 1.2, suggesting that 
the final hydration product will not be ettringite but mainly calcium monosulfatoaluminate or 
some form of AFm. The term AFm (Al2O3-Fe2O3-Mono) and AFt (Al2O3-Fe2O3-tri) indicates the 
composition of this phase. In here, the term ‘mono’ and ‘tri’ relate to the number of molecules in 
each phase [15]. For example, C4AH13 (C4AHH12) and 3C4A S H12 contain single H and S , 
respectively, so it is called as mono. Since hydroxyl ion (OH-) is substituted in the phase 
structure, it is often called as hydroxyl AFm. Similarly, 3C4A S H12 is referred to as sulfate AFm 
since SO32- ion is substituted in the phase structure. Many different anions can substitute for 
sulfate in AFm, the most important ones are OH-, Cl-, and CO32-. Under favorable conditions, 
AFm forms hexagonal plates. Some AFm in portland cement paste is of these types, but much is 
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poorly crystalline and intimately mixed with C-S-H [15]. However, C6A S 3H32 contains three S  
in its structure, so it is called as tri sulfate. AFt usually indicates ettringite since this is the most 
common phase in the cement.  
An AFm can form before AFt if C3A reaction consumes the sulfate ions faster than they 
can be supplied by dissolution of gypsum [16]. In this case, premature stiffening by AFm 
formation may occur, possibly flash set. Thus, one critical issue is to provide sufficient gypsum 
that the concentration of sulfate ions is sufficient to form AFt. The control of C3A reactivity can 
be an issue.  
C4AF forms similar hydration products to C3A, with or without gypsum [10]. Hydration of 
C4AF is much slower compared to that of C3A; thus, it is less likely to cause flash set. In addition, 
gypsum retards C4AF hydration much more significantly than it does to C3A. Therefore, C4AF 
hydration is less important than C3A hydration with respect to stiffening and set. The reaction 
stoichiometry of C4AF is given in the following equations [10]:  
C4AF + 3C S H2 + 21H Æ C6(A,F) S 3H32 + (F,A)H3,    and        (2.6) 
C4AF + C6(A,F) S 3H32 + 7H Æ 3C4(A,F) S H12 + (F,A)H3.          (2.7) 
2.1.1.3. Alkali sulfates 
Clinker varies in alkali content and in the ratio of two principal alkalis, sodium and 
potassium. The main source of alkali is clay because limestone is generally low in alkali level. 
The chemical composition of clay differs from each location since geological characteristics are 
different. Therefore, each portland cement clinker typically presents variability in composition 
and in the Na/K ratio.  
If the amount of sulfate is sufficient, alkali and sulfates usually tend to combine to form 
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alkali sulfates. These can be as arcanite (K2SO4), thenardite (Na2SO4), aphthitalite ((K,Na)2SO4), 
and calcium langbeinite (K2C2(SO4)3). Arcanite, β-K2SO4 is the polymorph stable at room 
temperature. Thenardite is the polymorph of sodium sulfate stable in the presence of moisture at 
room temperature. Aphthitalite is essentially a solid solution phase. At room temperature, the 
composition is usually K3N S 4, but at higher temperatures the amount of sodium increases up to 
limit near KN S 4. Calcium langbeinite passes through phase transitions at 200°C and 940°C, but 
it is stable at room temperature [17, 18].  
In the absence of sufficient sulfate in the clinker to maintain the alkalis as their sulfates, the 
Na2O enters the C3A and forms orthorhombic aluminate phase (NC8A3) [19], where it normally 
decreases the reactivity [20]. K2O usually enters the C2S and enhances its reactivity to water, but 
may inhibit its conversion to C3S. A reducing atmosphere in the kiln is one way of affecting the 
transfer of alkali from the sulfates to the calcium aluminates and silicates. Generally, higher 
alkali levels are considered to increase reactivity of the cement particles, and alkalis are often 
used to activate pozzolanic materials such as fly ash and granulated slag.  
2.1.1.4. Calcium sulfates 
Calcium sulfate has various polymorphs. It exists as gypsum, hemihydrate, soluble 
anhydrite (γ-C S ), or insoluble anhydrite (β-C S ). Gypsum and β-C S  are stable at room 
temperature. Hemihydrate and γ-C S (metastable) easily go back to gypsum by reaction with 
water vapor around. The β-C S  is formed by heating the hydrates or the metastable anhydrite.  
Calcium sulfate is normally added in the form of gypsum, C S H2 – calcium sulfate 
dihydrate. However, the use of calcium sulfate anhydrite (γ-C S ), calcium sulfate hemihydrate 
(C S H1/2) or some mixture is often used for economic and production reasons. These forms of 
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calcium sulfate have the same final solubility when they dissolve in water, but their dissolution 
rate is quite different: gypsum releases its Ca2+ and SO42- much faster than anhydrite, and much 
slower (approximately three times) than does hemihydrate [21]. When sulfate ions reach the 
maximum allowable concentration level, they start to precipitate. As a result, calcium and sulfate 
ions in solution combine to form gypsum. This reaction is called as a secondary gypsum 
formation.  
The presence of calcium sulfate hemihydrates or soluble anhydrite is often a result of 
excessive heat during the grinding process of clinker and gypsum. When temperature rises above 
approximately 150˚C, gypsum is known to transform into hemihydrates [22] as presented in 
Equation 2.8: 
C S H2 Æ C S H1/2 + 11/2 H (over 110ºC).                  (2.8) 
In order to limit the temperature rise during grinding, water is sometimes sprayed inside the 
grinding mill.  
In ordinary portland cement manufacture, when gypsum and clinker are interground, 
gypsum grinds more easily and becomes much finer than the clinker, because gypsum is much 
softer. These fineness differences are important for two reasons: they affect the rates at which 
sulfates go into solution during the early reactions, and therefore affect control of C3A hydration 
and properties of the fresh concrete, and they affect how uniformly the remaining sulfates are 
distributed during the setting and hardening processes [23]. Although it has long been known that 
interground gypsum in portland cement is normally very fine, the standard tests for optimum SO3 
in Portland cement, ASTM C 563, has required the use of only relatively coarse gypsum (only 84% 
passing a No.325 (45µm) sieve) [24]. A more fundamental concern about this test procedure is its 
reliance on strength rather than set control. Even some recent research has been done with 
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cements made of blends of ground clinker with calcium sulfates that are not as fine as normally 
produced. This aspect of the test method and improper practice in research are causes of 
considerable confusion in the literature regarding the effects of sulfate content on performance 
[23].  
Finally, during grinding, cement manufacturers often introduce minute amounts of 
chemicals known as grinding aids to increase the output of the grinding mill operation, and at the 
same time to reduce the pack set of the cement, permitting a smooth filling and discharge of the 
portland cement within the silos. These chemicals may also influence portland cement hydration, 
even though characteristics of these materials are poorly documented in the literature [21]. 
2.1.2. Other factors affecting stiffening 
Stiffening in the cement paste can be caused by various reasons. Water-cement ratio (w/c) 
or the amount of water of the cement paste is critical reason. Cement particles require a certain 
amount of water to achieve plasticity. When w/c is higher, the amount of water is enough to 
adsorb on the surface of cement particles and lubricates cement particles by separating them with 
water film. However, if too much water is added, segregation and bleeding may occur. When w/c 
is lower, cement paste will be less flowable.  
Cement particles carry charges on their surfaces, which may be positive, negative, or both. 
Since cement particles carry both positive and negative charges, opposing charges on adjacent 
particles will attract each other considerably, thus causing the particles to flocculate. A 
considerable amount of water is tied up in these agglomerates, leaving less water available to 
reduce the viscosity of the paste. Generally, cement paste is always flocculated without 
superplasticizer.  
Stiffening can be also affected by cement fineness and particle size distribution. The 
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fineness of cement particle will determine the water requirements of the mix. When the cement 
particles are finer, more water is required to coat them. Therefore, the initial flow behavior of 
cement paste can be stiffer than those with coarser particle sizes. To prevent large amount of 
water demand caused by higher fineness, proper particle size distribution is also necessary for 
control of the properties of fresh cement paste.  
Composition and reactivity of cement significantly influences its performance. For 
example, Type III cement has higher C3S and finer particles and thus more rapid strength 
development (faster hydration rate). Type IV cement has much lower amounts of C3S and C3A to 
reduce the heat due to hydration. The reduction in the amounts of C3S and C3A decreases the 
hydration rate, and thus cement paste remains fluid for a longer period. If the amount of sulfate 
in the cement is not properly controlled, premature stiffening caused either by flash set or by 
false set affects flow behavior of the paste.  
Particle interactions affect the stiffening behavior of cement paste, and such interactions 
are a direct result of the solution composition. When water is added, ionic species such as Ca2+, 
OH-, and H2SiO42- go into the solution and produce a negative charge in the particle surface. 
Immediately after this reaction, a protective layer (double layer) is formed and the surface 
becomes positively charged due to protonation of O2- and SiO44-, to give OH- and H3SiO4 [25]. 
As hydration proceeds, the concentration of Ca2+ increases with time. In addition, concentration 
of other ionic species such as Na+ and K+ increases. Due to the high ionic strength, the double 
layer is compressed and the repulsion force is reduced. Therefore, stiffening is caused by the 
increase in net attraction force with time due to the increase in ionic strength.  
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2.1.3. Premature stiffening 
Premature stiffening (also called as abnormal stiffening) can be caused by improper 
proportions of C3A and sulfate in the cement. It is called premature because it occurs prior to 
initial set, mostly during mixing of the cement paste. In general, flash set and false set are known 
as premature stiffening. As mentioned previously, flash set is caused by rapid AFm formation 
(hydroxyl AFm) due to the absence of sulfate at the time of C3A hydration. If the amount of 
calcium sulfate is very low, C3A hydrates to directly form AFm – either the sulfate form through 
reaction with gypsum, the carbonate form through reaction with atmospheric CO2, or Friedel’s 
salt through reaction with chloride ions. These hydration reactions may also cause flash set, 
which is very rapid set with large amount of heat evolution. Once flash set occurs, plasticity of 
the cement paste cannot be regained with further mixing, and subsequent strength development is 
very poor. The reason for poor strength development is still unclear.  
Some cements low in C3A do not show flash set even if no gypsum is added [14], probably 
because the amount of AFm formed during hydration is not enough to cause flash set. On the 
other hand, if the amount of sulfate is high, C3A hydrates to form AFt (ettringite). Formation of 
AFt slows down the hydration of C3A by creating a diffusion barrier around C3A particles, which 
is analogous to the C-S-H barrier around calcium silicate particles (C3S and C2S). At high sulfate 
concentrations, ettringite formation controls C3A hydration kinetics because of this diffusion 
barrier. However, too much ettringite may also produce a stiff mixture because the crystal has a 
needle-like shape that can bridge cement particles. In addition, ettringite formation reduces the 
free water content in the cement paste, tying up roughly 5 to 10% of water in the mixture, and 
causing an increase in solid volume, thus producing more stiffening and slump loss in cement 
paste [23].  
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Syngenite formation can happen in cement powder due to reaction with water vapor and 
lead to pack set during storage in the silo. Pack set is observed when discharging cement from 
the silo – the cement sticks in the silo and becomes difficult to discharge. Syngenite formation is 
caused by hydration of calcium langbeinite or reaction between potassium sulfate (arcanite), any 
form of calcium sulfate, and water [27]. The reaction stoichiometries of syngenite formation are 
presented in Equations 2.9 and 2.10:  
KC2 S 3 + H Æ KC S 2H + C S H2 ,     and                  (2.9) 
K S  + C S  + H Æ KC S 2H.                         (2.10) 
If too much calcium sulfate is consumed through this reaction, even flash set can occur 
[14]. If syngenite is not formed during grinding or storage, it may form and cause false set at the 
time of mixing. The definition of false set is the rapid development of rigidity in cement paste 
without the large evolution of heat [14]. Unlike flash set, the rigidity can be overcome and 
plasticity regained by further mixing without adding water. The subsequent strength development 
is not affected. Stiffening is associated with interlocking of the needle-like syngenite crystals and 
the reduction in water content due to the amount of water consumed for gypsum recrystallization. 
Another very well known type of false set is caused by secondary gypsum formation. 
When too much calcium sulfate hemihydrates is used, secondary gypsum formation can occur 
during mixing, which eventually leads to the premature stiffening of cement paste. Stiffening is 
associated with interlocking of the needle-like gypsum crystals and the reduction in water 
content due to the amount of water consumed for gypsum recrystallization. Thus, the 
incorporating ratio for different forms of calcium sulfates should be well controlled to prevent 
false set. Sometimes, the use of soluble anhydrite and hemihydrate is beneficial when C3A 
presents high reactivity.  
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2.2. Penetration resistance 
As defined in ASTM C125 [28], the term setting describes the gradual increase in rigidity 
of a fresh cementitious mixture. It is generally understood that initial set is when the fresh 
concrete is no longer in a liquid condition. Setting is important because it strongly influences the 
workability, finishability, and load carrying capacity of the fresh concrete [29]. Criteria suggested 
for setting – loss of workability, development of bond between paste and aggregates, and 
sufficient stiffness for finishing – are rather distinct from each other and highly subjective.  
The standard tests for setting of cementitious mixtures involve resistance to penetration by 
some type of probe. Other methods have been considered (electrical, rheological, ultrasonic, 
thermal), but penetration resistance continues to be the standard method, in large part because it 
is robust, easy to use, inexpensive, and suitable for either laboratory or field conditions [29, 30].  
The standard test for setting of cement paste1, ASTM C191 [2], uses a device called the 
“Vicat needle”, invented by and named after Louis Vicat, who studied setting of lime mortars in 
the 1800s. Originally, the Vicat test procedure was to allow a needle loaded with a given weight 
to fall a given distance into the mortar, and the amount of penetration was correlated with the 
hardness of the material [31]. Several researchers have modified the Vicat test, and the modern 
standard, which was first published in 1944, uses a 300-g weight to measure setting time of 
normal consistency cement paste. The standard test for premature stiffening (false set or flash set) 
of cement paste, ASTM C 451 [32], also utilizes the Vicat needle.  
The standard test for setting of concrete, ASTM C403 [3], uses various sized needles to 
                                                 
1 The setting time of the cement paste can be also measured using Gillmore needles [7], but this 
test is not so commonly used.  
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measure penetration resistance of mortar extracted from concrete, based on the work of Tuthill 
and Cordon [33, 34]. When concrete is no longer able to be vibrated, the corresponding mortar 
shows a penetration resistance of roughly 3.5 MPa, and the time to reach this value is currently 
referred to as the initial set time in C403; and when concrete has a compressive strength of 0.7 
MPa, the corresponding mortar shows a penetration resistance of roughly 27.3 MPa, and the time 
to reach this value is currently referred to as the final set time in C403. It is generally recognized 
that these values are arbitrary, and many researchers did not agree with the specific values 
suggested by Tuthill and Cordon, but these values have been used for some time to describe 
setting of concrete [29].  
Previous work in our laboratory [4] showed that C403, although developed to test mortar 
extracted from concrete, can also be used to test cement paste and has certain advantages over 
C191. The latter test requires a normal consistency cement paste whose water-to-cement ratio 
(w/c, expressed by mass) ranges between 0.26 and 0.33 [35], a consistency that may better be 
described as a stiff dough rather than a paste. On the other hand, C403 places no restriction on 
the consistency of the specimen. Furthermore, C191 provides little or no information regarding 
the gradual development of microstructure due to hydration. Paste shows almost no penetration 
resistance for some time, followed by an abrupt increase in penetration resistance at initial set, 
although rheological measurements show gradual and progressive stiffening during the same 
time period, and C403 results are consistent with these rheological changes. The differences 
between the two tests probably reflects the fact that C191 uses only one needle whereas C403 
utilizes various sized needles, an approach that enables one to measure penetration resistance up 
to final set without restrictions on specimen consistency.  
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2.3. Ultrasonic wave reflection 
2.3.1. Background 
When a wave pulse encounters the boundary between two different materials, the 
amplitude and phase of the reflected and transmitted wave pulses are governed by the relative 
impedance of the two materials along the boundary. For normal incidence on the boundary, the 
reflection coefficient at the boundary is given by  
  ,
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and the transmission coefficient by  
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where r is the normal incidence reflection factor, Ar is the amplitude of the reflected wave, At is 
the amplitude of the transmitted wave, Ai is the amplitude of the incident wave, and Z1 and Z2 are 
the acoustic impedances of the buffer and test material, respectively. The acoustic impedance is 
defined as the product of material wave velocity (V) and density (ρ)  
ρVZ =                               (2.13) 
and is expressed in units of Rayls. According to the expression described above, the maximum 
energy transfer is achieved when the boundary impedances are equal (Z1 = Z2); no reflection will 
occur at this condition. The UWR method may utilize either incident shear waves (S-waves) or 
compression waves (P-waves). It should be noted that r takes a negative value when the sample 
has a lower acoustic impedance than the buffer.  
Decades of research on ultrasonic wave reflection (UWR) have made use of a basic 
principle that the amplitude of the reflected wave is controlled by properties of the buffer and the 
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test material. In the 1950s, McSkimin [36, 37] measured velocity and attenuation in silicon and 
germanium crystals using a fused silica buffer rod between the test material and the transducer, 
and Roderick and Truell [38] measured attenuation in steel using water as the buffer medium. In 
the 1960s, Papadakis [39, 40] showed that the amount of ultrasonic wave energy reflected back 
from the interface depends on the relative material properties of the buffer and sample.  
To maximize the sensitivity of the measurement, acoustic impedance of the buffer material 
should be close to that of the test material, thereby giving rise to larger changes in r as Z2 varies 
for a given Z1. By measuring r and knowing the properties of the buffer material, the acoustic 
impedance of the test material can be obtained by rearranging Eqn. 2.11 to obtain 
.
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Shear waves can transmit through a solid, but not in a fluid. In a solid, S-wave reflection 
depends on the difference in shear acoustic impedance between the buffer and the sample. In a 
fluid, the S-wave reflection coefficient is unity, as the wave is fully reflected. In a material like 
cement paste, S-wave UWR is expected to be less than unity only when the particles form a 
flocculated network, able to transmit shear stress.  
Pressure waves, on the other hand, can transmit in both fluids and solids. P-wave UWR 
depends more directly on the difference in density between the buffer and the sample. Using this 
concept, ultrasonic P-wave measurements have been applied to characterize aqueous solutions, 
fluids and suspensions. Schafer et al. [41] measured concentrations of a single species (sodium 
chloride) aqueous solution using P-wave through-transmission measurements. Greenwood and 
Bamberger [42] developed a self-calibrating ultrasonic reflection method to measure the acoustic 
impedance of fluids. Greenwood and Bamberger and colleagues measured densities of dilute 
21 
 
slurries using either through-transmission measurements [43] or a combination of reflection and 
through-transmission measurements [44]. Adamowski et al. developed a method to predict the 
density of fluids using a combination of reflection and through thickness velocity measurements 
[45].  
2.3.2. Signal processing 
To measure the normal incidence reflection coefficient of the interface between the buffer 
and testing material, the time domain signals of the reflected ultrasonic pulses within the buffer 
material are analyzed. A typical averaged time domain signal is shown in Figure 2.3. Multiple 
reflection pulses are seen as the P-wave reverberates within the buffer layer. For UWR 
measurements, the first reflected pulse is separated out. Then, each side of windowed signal is 
padded with large numbers of zero to enhance the frequency resolution of the windowed signal. 
This technique is called “zero padding.” The zero padded time domain signals are converted into 
the frequency domain using a fast Fourier transform (FFT) algorithm. A typical frequency 
domain signal (amplitude spectrum) is presented in Figure 2.4.  
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Figure 2.3. Typical averaged time domain signal showing multiple P-wave pulses reflected from 
buffer-air interface. 
 
Figure 2.4. Typical frequency domain spectrum for windowed first echo reflection pulse in 
Figure 2.3. 
 
23 
 
The amplitudes of the reflections shown in Figures 2.3 and 2.4 are influenced not only by 
the transmission losses at the interface between the buffer and the cement paste, but also by the 
coupling of the transducer to the buffer material. To eliminate these extraneous influences and to 
isolate the reflection coefficient, a self-compensating procedure was developed by Öztürk et al. 
[46]. This procedure uses the amplitudes of two pulse reflections in the frequency domain, but 
the calculation can also be applied to reflections represented in time domain. Figure 2.5 
represents propagation of ultrasonic waves between transducer and test material. The Fourier 
transform of the first reflected pulse in terms of frequency f is given by 
( ) 211 rddSfF T=                             (2.15) 
where ST is the transducer function including transducer specific variables and variables due to 
coupling, r is the reflection coefficient at the buffer-cement paste interface, and d1 and d2 are the 
material and geometric signal losses along the propagation path through the buffer to and from 
the interface. The Fourier transform of the second reflection pulse is given by  
( ) 43212 rddrrddSfF T=                         (2.16) 
where r  is the reflection coefficient at the transducer-buffer interface, and d3 and d4 are the 
material and geometric signal losses along the corresponding wave paths shown in Figure 2.5. 
Calculating the ratio of F2(f)/F1(f) does not isolate reflection coefficient because d3, r , 
and d4 cannot be removed. Since the reflection coefficient at the buffer-air interface is nearly 
unity for both P-waves and S-waves, the ratio of the second to the first signal is 
( )
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free ==                    (2.17) 
where F1,free(f) and F2,free(f) are the FFT of the first and second reflected pulses, respectively, for 
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the free boundary case. Computing this ratio from cement paste to ratio from air, the reflection 
coefficient can be obtained as  
( ) ( )
( ) ( ) rdrd
drrd
fFfF
fFfF
freefree
==
43
43
,1,2
12
/
/ .                  (2.18) 
However, using the same rationale, a compensating procedure that utilizes only first 
reflected pulse can be also used. This approach is more beneficial when the acoustic impedance 
of buffer material is low, close to that of the testing material, such as high impact polystyrene 
(HIPS) and PMMA. In such cases, usually only a single wave pulse is obtained. In case that high 
impedance buffer is used for test, such as steel or fused quartz, it is not necessary to use single 
pulse compensating algorithm.  
 
Figure 2.5. Illustration of analytical procedure for calculation of the reflection coefficient 
 
For single pulse compensating algorithm, the reflection coefficient at the buffer-air 
interface, which is nearly unity (the value computed using Eqn. 2.11 is approximately 0.9996) for 
P-waves, is given by  
( ) .21,1 ddSfF Tfree =                             (2.19) 
Dividing F1(f)(equation 2.15) by F1,free(f)(equation 2.19), the compensated reflection coefficient r 
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is obtained as 
( )
( ) rddS
RddS
fF
fF
T
T
free
==
21
21
,1
1 .                      (2.20) 
 
2.3.3. Application of UWR to cement based materials 
Ultrasonic wave reflection has been successfully used in the field of civil engineering since 
conventional through thickness ultrasonic wave measurements are not possible in very early age 
concrete due to the large scatter and energy loss along the wave path. The pioneering UWR work 
in the field of civil engineering was initiated in Northwestern University, and it was first 
published in 1999 by Öztürk, Rapoport, Popovics and Shah in Concrete Science and Engineering 
[46]. In their first work, the development and concept for self compensating procedure was 
presented, in addition to the determination of setting time in the cement paste. 
Continuing work has been done by Rapoport et al. [47]. The major contribution of this 
work is to show the differences in the reflection coefficient caused by the addition of various 
chemical admixtures. In addition, they determined the setting time of the cement paste by 
utilizing the starting point of decrease in the shear wave (S-wave) reflection curve. The observed 
values (with steel buffer) coincided well with the mechanically measured (by ASTM C191 and 
C403 method) setting time.  
Valic also has made valuable contributions to the UWR research field. He studied the 
hydration of cement based materials by ultrasonic S-wave reflection measurements [48]. He 
started to use fused quartz as a buffer, and the purpose was to increase the sensitivity by lowering 
the acoustic impedance of buffer materials. In addition, he also utilized the phase angle 
measurements for determining dynamic shear modulus of cement paste. In this work, he found 
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that the changes of the reflection coefficient with time are related to the changes of the 
viscoelastic properties and the dynamic shear modulus G of the material.  
After the initial efforts to apply UWR to setting of concrete, UWR has been expanded to 
estimate the strength development [49, 50]. In these work, they have found that the change in 
reflection coefficient showed good correlation with the compressive strength development, 
although only minor differences in the relationship between compressive strength and reflection 
loss in terms of water to cement ratio was observed. These work were also correlated with the 
maturity of the cement based materials [51, 52].  
The application of UWR was also utilized to understand microstructural development in 
cement-based materials [53]. The early age microstructure of portland cement mortar was 
investigated by comparing wave reflection results with the results from the numerical simulation 
developed at TU DELFT University, MYMOSTRUCT3D [54]. The computer simulation 
provided the results on the total connected solid volume fraction and the specific contact area of 
hydrated cement particles. From the comparison of the results, it was found that S-wave 
reflection measurements are governed primarily by the degree of the inter-particle bonding of the 
cement paste.   
The rheological changes in the cement based materials [55] were more extensively 
measured using UWR. The approach was to measure both wave reflection coefficient and phase 
angle of reflected ultrasonic waves. The dynamic storage shear modulus and viscosity of the 
cement paste was calculated using these two values. The calculated shear modulus was found to 
be well correlated with the directly measured shear modulus in cement paste. The contribution of 
this work is that UWR can provide useful information on both elastic and viscous behavior of 
cement paste at very early ages.  
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Thomas Voigt has made an interesting attempt to measure the calcium hydroxide content of 
early age portland cement paste in order to correlate with ultrasonic S-wave reflection [56]. Up 
to three days after mixing, the reflection loss measured on the mortars has a strong linear 
relationship to the chemical shrinkage and the calcium hydroxide content of the cement paste.  
Wave reflection measurements have also been used for the extruded cement mortar [57]. 
Voigt et al. found that the P-wave reflection was influenced by the addition of fine clay particles, 
whereas S-wave is shown to be sensitive to the inter-particle bonding caused by the cement 
hydration. 
Most of the described studies used S-waves, and most of the work concentrated on the 
mechanical properties of cement based materials. Although ultrasonic wave reflection has 
successfully been used to monitor early age development of cementitious mixtures, most of this 
work was performed using high impedance buffers: metal (steel) or fused quartz, which has a 
very high acoustic impedance value. The use of lower acoustic impedance buffer becomes 
important if the research focus is on very early ages. 
The importance of using lower acoustic impedance of buffer for UWR measurement was 
shown earlier by Labouret et al. [59]. They measured phase angle and reflection coefficient of 
cement paste by using uniquely designed (triangle shape with two transducers) buffer materials. 
They determined that PMMA is the most convenient medium for the early setting observation 
considering the S-wave acoustic impedance of concrete required for setting is in between 0.6 to 
4.8 MRayls.  
Subramaniam [60] also determined the setting time of cement paste with PMMA buffer. In 
this work, the inflection points in reflection coefficient versus time plot were used for 
determination of initial setting time. The final setting time was chosen at the time of inversion in 
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S-wave reflection curve. The inversion is an indication that the acoustic impedance of cement 
paste exceeds that of buffer. Comparing the setting times determined from the mechanical 
measurements (ASTM C403), the values coincided quite well although the determination of 
setting time was based on the empirical and visual observation.  
Öztürk [61] did some additional work on monitoring the setting of cement-based materials 
using ultrasonic P-wave reflection and a PMMA buffer. In this work, the application of the first 
derivative in wave reflection was first introduced to find the characteristic point in the stiffening 
and setting of cement paste. They determined that the minimum in the first derivative of P-wave 
reflection coincides with the initial set of cement paste and final set coincides with the point of 
inversion. The same approach was used as Subramaniam et al. [60], and they found good 
correlation with mechanically measured setting time. 
Reinhardt et al. [62] successfully monitored the setting and hardening behavior of mortar 
and concrete using ultrasonic wave velocity. They found that the beginning of setting can be 
determined from the velocity versus age of mortar curve by a mathematical procedure. The wave 
transmission method was found to correlate well with the results from the wave reflection 
measurements [63]. Following Reinhardt’s testing setup, the velocity measurement was further 
utilized by Zhang et al. to monitor the setting and hardening process of very high performance 
concrete [64]. 
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3. EXPERIMENTAL PROCEDURES AND MATERIALS 
3.1. Penetration resistance 
Penetration resistance measurements were performed to monitor setting and stiffening in 
cement paste. In some tests pastes and mortars were prepared directly and tested; and in other 
tests mortars were extracted from prepared concretes and tested. In each case, penetration 
resistance was measured as a function of time. Results from paste and mortars with various water 
to cement ratio were compared. No chemical admixtures were included.  
3.1.1. Materials 
Materials used in this study included two Type I portland cements, which follow ASTM C 
150 Standard Specification for Portland Cement [65]. The properties of cements used in this 
research are presented in Table 3.1. The cement L has been used throughout this experiment to 
provide information on the standard test procedure for cement paste, and the cement I was only 
used to understand the effect of the chemical composition on the penetration resistance.  
In order to investigate the effect of premature stiffening on UWR measurement of cement 
paste, the base cement L was utilized. To create secondary gypsum formation during mixing of 
the cement paste, the base cement was placed in the 150˚C oven for two days. In this 
environment, gypsum in the cement undergoes dehydration and converts to hemihydrate (plaster 
of Paris). It was proved from our earlier work that such conversion caused early stiffening [1]. 
The reagent grade gypsum was also placed in 150ºC oven for two days to convert it into 
hemihydrate. The heated cements were blended with 0%, 2%, and 4% hemihydrates, and the 
effect of premature stiffening on the ultrasonic wave reflection was investigated using these 
synthesized cements. In addition, three commercially available Type I cements (cement 1, 2, and 
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3) were obtained and results were also compared with that of cement L.  
 
Table 3.1. Chemical compositions (% by mass) and physical properties of cements. Note that the 
information is provided by the manufacturer. 
 Cement L Cement I 
SiO2 20.2 19.44 
Al2O3 4.8 5.06 
Fe2O3 3.4 2.19 
CaO 63.3 62.74 
MgO 2.4 3.96 
SO3 3.1 3.42 
Total alkalis 0.59 1.05 
C3S 67 61 
C2S 7 10 
C3A 7 10 
C4AF 7 7 
Fineness (Blaine, m2/kg) 379 387 
Initial set (minutes) 119 80 
Final set (minutes) 263 - 
 
The aggregates were a commercial siliceous concrete sand and a commercial crushed 
limestone with nominal maximum size of 19 mm, both meeting the requirements of ASTM C33 
[66]. All these materials are normally used in our laboratory. 
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3.1.2. Mixing procedures 
Cement pastes were prepared by mixing cement and water using proportions in Table 3.2. 
The mixing procedure, generally following that in ASTM C 305 [67], was to mix paste for 30 sec 
at the lowest speed level (140±5 rpm), to stop the mixer for 30 sec to 60 sec and scrape down 
cement paste adhering to the side of the mixing bowl2, then to mix for 90 sec at the intermediate 
speed level (285±10 rpm)3.  
Mortars were prepared with the same w/c values as in the pastes (after correction for the 
sand moisture content) and the same sand content as in the concretes (Table 3.2). Sand and 
cement were mixed dry for 30 seconds, and water was added. The rest of the mixing procedure 
was identical to the procedure for cement paste.  
Concretes were prepared with the same w/c values (after correction for the aggregate 
moisture contents) and the same sand/cement values. The concretes were mixed using a pan 
mixer with a capacity of 0.06 m3. Cement, sand, and coarse aggregate were mixed dry for 30 
seconds, then water was added and the concrete mixed for 60 sec, the sides and bottom of the 
mixer were scraped, and the concrete was mixed for 90 sec. After mixing each concrete, a 4.75-
mm sieve was used to separate coarse aggregate from the mixture and the resulting mortar was 
tested for penetration resistance.  
                                                 
2 According to C305, the time for scraping is 15 seconds, but in this experiment 15 seconds was 
not sufficient to finish scraping at the lower w/c, so the scraping time was increased to 30 or 60 
seconds according to the condition of the mixture. 
3 According to C305, the second mixing is for 60 sec at the intermediate speed, but we increased 
the second mixing time to increase the shear. 
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Throughout sample preparation and testing, the temperature of the laboratory was 
maintained at 25 ± 3ºC. Mixing water was allowed to come into equilibrium with this 
temperature. The zero time was when the water and cement were first brought into contact.  
 
Table 3.2. Proportions for paste, mortar and concrete mixtures. 
Paste 
w/c Water (g) Cement (g) 
0.40 600.0 1500.0 
0.50 750.0 1500.0 
Mortar 
w/c Water (g) Cement (g) Sand (g) 
0.40 280.0 700.0 1120 
0.50 338.7 677.4 1083.9 
Concrete 
w/c Water (kg) Cement (kg) Limestone (kg) Sand (kg) 
0.40 5.08 12.71 30.50 20.34 
0.50 6.08 12.16 29.19 19.46 
 
3.1.3. Measurement of penetration resistance 
As soon as each paste or mortar specimen was prepared, it was placed in a container for 
measuring penetration resistance. Container dimensions are discussed in the next section. The 
container was tapped against the table three times to level out the paste and then covered with a 
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moist towel to prevent evaporation of water. Penetration resistance measurements followed the 
procedure in C403. They were made in triplicate and averaged. They were made at 1-hr intervals 
up to initial set and at 30-min intervals after initial set. Six needles were used, with cross sections 
of 645 mm2, 323 mm2, 161 mm2, 65 mm2, 32 mm2, and 16 mm2 (diameters of 28.7 mm, 20.3 
mm, 14.3 mm, 9.1 mm, 6.4 mm, and 4.5 mm), and each with a length less than 90 mm. Each 
needle was penetrated to a depth of 25 mm within 10 sec. The largest needle was used for the 
first measurement, and needles were changed as needed to provide the required penetration 
within the required range of load until the smallest needle has been used. The load was divided 
by area of the needle to calculate penetration resistance (ܴ ൌ ܲ ܣ⁄ , where R is penetration 
resistance, P is load applied to penetrate to a depth of 25 mm, and A is load-bearing area of 
particular needle). The decision to change needles is somewhat subjective, and an experienced 
technician may give less damage to the cement mixture and thereby derive more precise results.  
Penetration resistance of cement pastes and mortars was measured using a screw-driven 
testing machine (Instron 4500) equipped with a needle and a 1-kN load cell. Penetration 
resistance of mortar extracted from concrete was measured using a portable testing apparatus 
(Humboldt Acme penetrometer, H-4133) equipped with needles and a hydraulic pressure gauge. 
All measurements were made as described in the previous paragraph. The portable apparatus was 
used because the testing machine was located in a different laboratory from the concrete mixer. 
Both procedures meet the requirements of the standard.  
3.2. Ultrasonic wave reflection 
Ionic aqueous solutions, alumina suspensions, and cement pastes were tested using 
ultrasonic wave reflection. It should be noted that the changes to the UWR testing setup were 
made to address several issues. The most significant one is to test reproducibility related to the 
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use of couplant and transducer mounting. The final version of testing setup is shown in Figure 
3.1. Details on this issue and history of testing setup are presented in the appendix. 
3.2.1. Preparation of chemical solution 
Aqueous solutions were prepared using a range of chemical species and a range of 
concentrations (up to 1 mol/L). To make each solution, the appropriate weight of each chemical 
was measured and poured into a 1-L volumetric flask. Then, de-ionized water (resistivity about 
0.175 MΩ.m at about 20 °C) was added to just below the 1-L mark. When the chemical was 
completely dissolved, additional de-ionized water was added to produce 1 L of solution.  
Density measurements were performed on each solution by weighing the solution in a 10-
ml volumetric flask. The measurements were made at room temperature (about 20 °C). Density 
of dissolved solutions (ρS) was computed using the following expression: 
( )
F
FS
S V
WW −=ρ                              (3.1) 
where WS is mass of solution plus flask, WF is mass of empty, dry flask, and VF is the volume of 
flask (10 ml). After each solution was prepared, a small amount was poured into the buffer 
containers shown in Figure 3.1, and the reflection coefficient and P-wave velocity were 
measured.  
3.2.2. Preparation of alumina suspension 
AKP-15 α-alumina powders, obtained from Sumimoto Chemical, were used for most 
experiments. The fired density is 3.98 g/cm3 and the surface area and particle size range from 2.5 
– 4.5 m2/g and 0.6 – 0.8 µm, respectively. It should be noted that this information was provided 
by the manufacturer. 
Dispersed and flocculated alumina suspensions were prepared by mixing 132.8 g of 
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alumina powder with 50 g nano-pure deionized water to make a 40% volume fraction suspension 
(based on fired density). For a dispersed suspension, a drop of reagent-grade 13-M HCl solution 
was added, the mixture was stirred by hand, and pH was measured using a Orion 370 PerpHecT 
ion selective benchtop meter and a ROSS pH electrode. This process was repeated until pH 4 
was achieved. Then the suspension was placed in an ultrasonic water bath for 20 minutes to 
disaggregate and disperse the alumina particles. In earlier work on rheology of alumina 
suspensions [18, 19], a high energy ultrasonic probe was used to disperse the particles. The 
ultrasonic bath treatment used in this work is probably not sufficient to provide a fully dispersed 
microstructure, so complete initial dispersion and equilibrium flocculated microstructures of the 
alumina particles are not assured. For a flocculated suspension, the dispersed mixture was 
adjusted in pH. A drop of reagent-grade 10-M NaOH solution was added and pH was measured. 
This process was repeated until pH 9 was achieved. To determine the effects of particle 
settlement on UWR, coarse silica was added in the water and tested with UWR. The silica 
particles ranged in size from 0.150 mm to 0.600 mm with a median size of 0.365 mm (according 
to the manufacturer the silica conformed to ASTM C 778 Standard Specification for Standard 
Sand, from which these values were computed). There was no attempt to control or measure pH. 
These coarse particles are expected to settle quickly. After preparation, each suspension was 
poured into the testing apparatus shown in Figure 3.1.  
3.2.3. Preparation of hydrating cement paste 
The mixing procedure for ultrasonic wave reflection measurement is identical to that used 
for penetration resistance, except for the mixture quantity. Cement pastes of various water to 
cement ratios (0.35, 0.4, 0.5, and 0.6) were prepared by mixing 1000 g cement and water 
required to make designated water to cement ratio (for example, 600 g or 400 g water for 0.4 w/c 
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cement paste). As soon as cement paste was mixed, approximately 100 ml of cement paste was 
poured into the ultrasonic wave reflection testing apparatus shown in Figure 3.1.  
 
Figure 3.1. Schematic diagram of UWR testing setup for cement paste 
 
3.2.4. Ultrasonic Wave reflection measurements 
After the specimen is poured into the buffer container, the reflection coefficient was 
measured using contact type 2.25 MHz P-wave and S-wave transducers attached to the bottom of 
the container. A HIPS buffer was selected because it has a relatively low acoustic impedance 
(2.27 MRayls), thus providing sensitivity to small changes in solution acoustic impedance. Other 
materials were also used to compare the effect of buffer type on UWR measurements. The 
thickness of the buffers were 6.25-mm for HIPS, 6.25-mm for PMMA, 12.5-mm for 
aluminosilicate, 18.6-mm for glass, and 19.6-mm for 304 stainless steel, respectively. The 
appropriate thickness of a given buffer depends on two issues: 1) minimizing the travel distance 
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of ultrasonic wave pulse (to minimize the energy loss during travel) and 2) capturing proper time 
domain signals,without overlapping or clipping of the individual reflected wave pulses.  
The buffer container was replaced with a new one once scratches were observed at the 
bottom of the container. The size of the container varied, but is around approximately 50 mm × 
60 mm × 50 mm. Solid phenol salicylate couplant was used to mount the transducer to the buffer. 
The thickness of the HIPS buffer at the bottom of the container was 6.25 mm. The transducers 
were connected to two Panametrics 5077 pulser/receiver units. The output power level of 
pulser/receiver unit was set in order to obtain a large amplitude first reflected wave pulse. This 
was done by maintaining the amplitude of first reflected pulse slightly smaller than that that of 
primary excitation (main bang) signal. The pulser/receiver unit is connected to a computer 
equipped with a NI 5102 PCI type digitizer (8–bit, 2–channel), using a sampling rate of 10 MHz 
for each transducer. The computer program LabView was used to control, collect, and process 
data. Once the data are obtained, the wave reflection coefficient is calculated using single pulse 
compensating procedure, described in Chapter 2.3.2. 
In this research, all the measurements were done on cement paste. Since the wave 
reflection measurement probes the area near the buffer-material interface only, it is most likely 
that the interface is filled mostly with cement paste -- just like when casting concrete cylinders, 
the side of the cylinder is smoother with cement paste part exposed. Considering the sensitivity 
of HIPS buffer, it is necessary to perform the experiments with mortar and concrete, but it is 
likely that the UWR response will not be much different from what was observed with cement 
paste. 
During the measurements of reflection coefficient, air bubbles were often observed at the 
interface between solution and buffer material. These bubbles increased notably the amplitude of 
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first reflected pulse, since P-waves exhibit high reflection factor at an air interface. The air 
bubbles were probably induced ultrasonically. The bubbles were removed by wiping the buffer 
with a soft rod prior to each ultrasonic reflection measurement. 
3.2.5. Ultrasonic P-wave velocity measurements 
The testing configuration for P-wave velocity is shown in Figure 3.2. The velocity was 
only measured on the ionic aqueous solutions. An immersion type P-wave transducer was 
employed. In order to maintain normal incidence between transducer and container bottom, the 
P-wave transducer was held in place by a clamp, to maintain the angle; the incident angle 
between the centerline of the transducer was confirmed to be 90˚ with respect to the bottom 
surface. The distance from the bottom of the container to the transducer face was 24 mm. 
 
Figure 3.2. Schematic drawing of testing setup to measure VP of solutions. 
 
To measure the P-wave velocity of the various solutions, the ultrasonic time domain signal 
is recorded, and the round trip time for reflected wave pulses is measured. Then, P-wave velocity 
for each solution is calculated as 
PMMA block 
P-wave transducer 
solution 
trig 
Computer 
ch1 
NI 5102 
(PCI) 
digitizer 
T/R 
RF out sync out 
Panametrics 5077PR Pulser/receiver units 
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T
LVP =        (3.2) 
where VP is the P-wave velocity of solution, L is total round trip travel distance of a P-wave 
pulse, and T is time required for the pulse to travel this distance. Multiple successive reflection 
pulses could be observed in each signal, and the delay time between the leading edge of the first 
and third pulse was measured. 
3.3.Dynamic shear rheometry 
Dynamic rheology tests were used to verify the dispersed and flocculated microstructures 
of the alumina suspensions. A Bohlin CS rheometer was used with stress-controlled oscillatory 
shear and couvette testing geometry, with bob diameter of 14 mm and gap between bob and cup 
of 0.7 mm.  
Each suspension was poured into the sample cup, the bob was lowered into place, slight 
oscillation was applied by hand, and upper part of the cup was covered by cap to prevent 
moisture loss during measurement. In order to provide a uniform starting condition, the 
suspension was pre-sheared in the rheometer at 200 Pa for 45 seconds and then allowed to 
equilibrate for 300 seconds. Oscillatory shear was then applied at a frequency of 1 Hz and at a 
sequence of increasing shear stress. Shear strain was measured and shear moduli (in-phase and 
out of phase) were computed.  
3.4. Temperature rise 
The temperature history of the cement paste was recorded for w/c 0.5 cement paste during 
UWR measurements. The purpose was to compare the temperature rise with UWR results. The 
advantage of this setup is that the direct relationship can be established between UWR and 
temperature rise during cement hydration. The use of isothermal calorimetry was not considered 
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in this research since isothermal calorimetry uses very small amount of specimen (1~2 g, 
0.035~0.07 oz), and the condition of cement paste for UWR measurement is greatly different 
from isothermal condition.  
For this purpose, the calorimetry system consisted of a type T thermocouple that was 
attached to the inside of the UWR testing container, a data logger 4  which connects a 
thermocouple wire into the computer through a USB port, and its operating software for data 
acquisition. The container was open to the air during measurements, and therefore it was 
considered neither isothermal nor adiabatic. In fact, the test condition was closer to isothermal 
calorimetry since the total temperature rise was only about 4 °C (7 °F). 
3.5. Phase analysis (for determining premature stiffening) 
The compositions of three commercial cements (cement 1, 2, and 3) were analyzed with 
XRD to determine the presence of any type of calcium sulfate polymorphs and alkali sulfates 
that may cause premature stiffening. Salicylic acid/methanol (SAM) extraction was used for 
those commercial cements to facilitate identification of C3A (aluminate), C4AF (ferrite), and 
minor phases such as calcium sulfate and alkali sulfates through removal of C3S (alite), C2S 
(belite), and free lime. For salicylic acid/methanol (SAM) extraction, 5 g of cement was added to 
a solution containing 20 g of salicylic acid in 300 ml methanol. The mixture was stirred for 2 
hours, and the suspension was vacuum filtered using a Buchner funnel and a filter. The residue 
was washed with methanol and dried in a 60ºC vacuum oven until XRD analysis.  
In order to determine whether three commercial cements shows secondary gypsum 
formation or not, hydrated cement pastes of w/c 0.5 were prepared at 25 °C laboratory condition 
                                                 
4 The data logger used in this experiment is Pico Technology TC-08, a USB type data logger. 
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by hand mixing of 100 g cement and 50 g nano-pure (resistivity about 0.175 MΩm at about 
20 °C) deionized water preconditioned to the laboratory temperature. Mixing was done for 3 
minutes by hand with a steel spatula. Pastes were poured into plastic container, covered by lid, 
and then stored at 25 °C. Specimens were taken at 5 (after mix) minute. Immediately after 
collection, specimens were placed in a 20-ml glass vial, filled approximately one-third with paste, 
and methanol was added to stop hydration, shaking to dilute the water. The cement was allowed 
to settle, the methanol-water liquid was carefully removed by pipette, and fresh methanol was 
added and sample was shaken again. This sample was stored for a few hours, and the liquid layer 
was again removed by pipette. Fresh methanol was added a third time, and the sample was stored 
until analysis began.  
Prior to XRD testing, the methanol was first removed by pipetting, each sample was mixed 
with acetone, and the resulting slurry was ground in a mortar and pestle to a particle size of 
approximately 10 µm, then the acetone was evaporated. Ground samples were packed into the 
container, and the sample container was then placed in the Rigaku Geigerflex D/Max-VB x-ray 
diffractometer. Scanned 2-theta angle was from 5º (2θ) to 70º with a step size of 0.02˚ and a 
dwell time of 1.5 seconds. The working voltage was 40 kV and the electric current was 40 mA. 
Computer programs were used to perform the XRD scans and to assist the data analyses5. It 
should be noted that the hydrated phase analysis for heated base cement are not performed 
                                                 
5 For operating and collecting XRD scanning data, the program called MDI Datascan was used.  
For XRD analysis, the program MDI JADE was used. This program automatically finds the 
phases present in the sample from raw XRD data by comparing characteristic peaks. The time 
required for identifying phases was significantly reduced with this program.  
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because it is expected from our earlier research [1] that these cements showed premature 
stiffening caused by secondary gypsum formation. 
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4. PENETRATION RESISTANCE OF CEMENT PASTE 
In this study, the C403 test procedure was modified to provide more reproducible data for 
cement paste. Even though C403 was shown previously [4] to be suitable for testing cement 
paste, a key issue not addressed in that earlier study was what values of penetration resistance in 
paste correspond to the initial and final set values in mortar extracted from concrete, especially 
important because penetration resistance is affected by the presence of sand in mortar. That issue 
is the main focus of the present study. In addition, this study considered modifications in the 
C403 procedure that improve its reproducibility and reliability with paste. It is hoped that the 
results of this research will allow ASTM to consider C403 as an alternative to C191 for cement 
paste. In addition, the initial and final set times obtained here will be used to find corresponding 
set times from ultrasonic wave reflection measurements. 
4.1. Results 
4.1.1. Refinements in experimental procedures 
Various trials were carried out to understand how certain factors affect penetration 
resistance results. Based on these trials, a testing procedure was established and followed when 
testing pastes and mortars.  
Temperature of mixing water was found to be very important to test precision. Even though 
the temperature of testing lab stayed reasonably constant, the temperature of the mixing water 
can vary, and these changes can affect hydration kinetics and thus setting behavior. When 
preliminary penetration resistance tests were performed, water was used directly from the tap. 
However, the temperature of water was found to vary by several degrees, and this variation in 
water temperature caused the penetration resistance results to vary. Therefore we stored the water 
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in a large container in the laboratory for at least 1 day to allow the water temperature to 
equilibrate to the room temperature. When concrete was prepared, the temperature of the mixing 
water was adjusted to 23 ± 0.2˚C using mixtures of hot and cold tap water.  
The standard test requires that the container have dimensions of 150 mm by 150 mm and a 
depth of 150 mm. However, specimen depth was found to have little effect on test results. So a 
specimen depth of 50 mm was used for subsequent penetration resistance measurements, based 
largely on convenience.  
In C403, it is required that bleed water be completely removed, mainly by pipette. 
However, tilting the specimen slightly to remove the last bleed water by pipette produced much 
variation in measured penetration resistance, as shown in Figure 4.1. For example, penetration 
resistance of replicate cement paste samples from which bleed water was removed at 480 
minutes had a standard deviation of 5.6 MPa, 18% of the mean (33 MPa). Penetration resistance 
of replicate paste samples from which bleed water was not removed at 480 min had a standard 
deviation of 0.6 MPa, 2% of the mean (28 MPa). Although the average penetration resistance 
was increased slightly by removal of bleed water, the difference was not statistically significant 
(at 480 min, when the difference was greatest, the computed t-value, 1.89, was less than the 
critical t-value with 10 degrees of freedom, 2.76). The increased scatter in penetration resistance 
by removal of bleed water presumably indicates that tilting the specimen to remove bleed water 
breaks down some of the delicate paste microstructure. During subsequent tests of penetration 
resistance, the bleed water was not removed to improve the test precision. 
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(a) 
 
(b) 
Figure 4.1. The penetration resistance of cement paste (w/c 0.4) (a) from which bleed water was 
removed and (b) from which bleed water was not removed.  
 
46 
 
The amount of bleed water in paste was measured to explore what factors are associated 
with bleeding. The thickness of bleed water was measured in the container during penetration 
testing, and the volume of bleed water was measured in a graduated cylinder after penetration 
measurements were finished. Results (Figure 4.2) suggest that bleeding is associated with two 
factors. One is movement of the specimen from the mixer to the penetration testing apparatus, a 
distance of approximately 3 m. This movement produced 4 mm of bleed water (approximately 90 
ml), though some was subsequently resorbed. The other is frequent early penetration, which 
produced 3 mm more bleed water (67.5 ml) than ordinary penetration. Finally, no bleed water 
was observed when the specimen was not moved and no penetration was performed. Therefore, 
it is recommended that movement of the specimen and early penetration measurements be 
minimized.  
 
Figure 4.2. The amount of bleed water in cement paste (w/c 0.50) depending on whether 
specimen was moved and how penetration was performed 
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The effect of frequent early penetration on penetration resistance of paste was considered 
directly. Although early penetration was seen to create more bleed water (as discussed above), it 
was not anticipated that it would change the overall penetration resistance. However, as shown in 
Figure 4.3 for pastes with w/c 0.4 and 0.5, frequent penetration measurements before 180 min 
slightly increased the penetration resistance values at 180 min. The early frequent penetration 
seems to densify the fresh cement paste microstructure. The differences at 180 min were 0.33 for 
w/c 0.4 and 0.15 MPa for w/c 0.5, perhaps not statistically significant given the standard 
deviations of 0.24 and 0.10. It is also noted, as discussed in the next section, that paste with w/c 
0.4 showed faster stiffening and earlier setting than paste with w/c 0.5. The effect of early 
frequent penetration can be reduced by minimizing the use of large sized needles. 
The effect of the spacing between needle penetrations was also considered directly. The 
C403 requires that the spacing be at least 15 mm and at least twice the needle diameter. This 
requirement apparently reflects the importance of avoiding cracks during penetration. It was 
noticed during testing that when cracks formed and connected during a penetration measurement, 
the penetration resistance decreased substantially. In addition, when cracks were generated, the 
maximum penetration resistance value was not recorded at its maximum penetration depth (25 
mm), but rather at a depth smaller than 20 mm.  
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(a) 
 
(b) 
Figure 4.3. Penetration resistance data of cement paste (w/c 0.40 and 0.50) showing (a) full scale 
and (b) expanded scale 
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Figure 4.4 presents the effect of needle spacing on the penetration resistance of w/c 0.40 
cement paste. Although we did not extend the separation values up to the value required in the 
standard, the 5-mm spacing produced a modest reduction in penetration resistance compared 
with the 10-mm and 20-mm spacings. None of the impressions produced cracks. Results in 
Figure 4 indicate that a needle spacing 10 mm or greater is sufficient for reliable measurements 
of penetration resistance. Clearly, if the operator observes cracks near penetration holes, he/she 
should increase the spacing in order to obtain more reliable values.  
 
Figure 4.4. The effect of needle spacing on penetration resistance of cement paste (w/c 0.40) 
 
Replicate data collected with meticulous control of the variables discussed here–
temperature of mixing water, testing room temperature, frequent early penetration, needle 
spacing, and presence of bleed water–are shown in Figure 4.5. The standard deviation at 480 min 
was 2.23 MPa, or 7.6% of the average penetration resistance. This standard deviation was 
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slightly higher than the value in Figure 4.1, but the standard deviation values were quite similar 
to those in Figure 4.1 at other times. The standard deviation increased with time, roughly in 
proportion to the penetration resistance, indicating a roughly constant coefficient of variation 
rather than standard deviation. These results demonstrate that penetration resistance of cement 
paste shows good precision when these experimental variables are controlled. The similarity in 
standard deviation in Figures 4.5 and 4.1 suggests that not removing bleed water is an especially 
important detail for test precision.  
 
Figure 4.5. The penetration resistance of cement paste (w/c 0.40) with all variables controlled 
 
4.1.2. Initial and final setting times for cement paste 
The key objective for this study was to determine the penetration resistance for cement 
paste that corresponds to the values in C403 for initial and final setting of mortar extracted from 
concrete. To make this determination, initial and final setting times were measured for mortar 
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extracted from concrete and for mortar made directly, then the penetration resistance of paste was 
measured at these times, with all samples made using the same materials and proportions. This 
determination was made using two w/c levels, 0.4 and 0.5. Results are shown in Figures 4.6 and 
4.7.  
 
Figure 4.6. Penetration resistance for cement mortars and paste, w/c 0.4. 
 
For w/c 0.4, shown in Figure 4.6, the penetration resistance value for final set, 27.3 MPa, 
was reached at 343 min for mortar extracted from concrete and 356 min for mortar prepared 
directly, for an average of 349 min. The paste with this w/c had a penetration resistance of 11.0 
MPa at that time. For the same w/c, the penetration resistance value for initial set, 3.5 MPa, was 
reached at 232 min for mortar extracted from concrete and 227 min for mortar prepared directly, 
for an average of 229 min. The paste with this w/c had a penetration resistance of 1.4 MPa at that 
time. For w/c 0.5, shown in Figure 4.7, the penetration resistance value for final set was reached 
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at 463 min for mortar extracted from concrete and 446 min for mortar prepared directly for an 
average of 454 min. The paste with this w/c had a penetration resistance of 16.2 MPa at that time. 
For the same w/c, the penetration resistance value for initial set was reached at 291 min for 
mortar extracted from concrete and 325 min for mortar prepared directly for an average of 308 
min. The paste with this w/c had a penetration resistance of 3.0 MPa at that time.  
 
Figure 4.7. Penetration resistance for cement mortars and paste, w/c 0.5. 
 
In summary, paste had a penetration resistance corresponding to initial set of 1.4 MPa for 
w/c 0.4 and 3.0 MPa for w/c 0.5, and a penetration resistance corresponding to final set of 11.0 
MPa for w/c 0.4 and 16.2 MPa for w/c 0.5. Taking the averages for the two w/c levels, the 
penetration resistance in paste was 2 MPa for initial set and 14 MPa for final set.  
The penetration resistance values and setting time values agreed fairly well for mortar 
extracted from concrete and mortar prepared directly at both w/c levels. We did not know in 
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advance whether it would be necessary to have the aggregates in a saturated condition in order to 
obtain such agreement, but it appears from Figure 4.6 that it was sufficient to merely correct the 
water for the sand and aggregate moisture contents. It is also noted that the penetration resistance 
of paste was, as expected, somewhat lower than the penetration resistance of mortar; on average, 
paste values were about 60% of the mortar values.  
 
Figure 4.8. Penetration resistance of pastes using different Type I cements. The blue dashed lines 
indicates initial set and purple dotted line indicates the final set. 
 
Penetration resistance was measured for two different commercial type I cements, both 
using w/c 0.4, to explore whether the method is sensitive to changes in cement composition. The 
chemical compositions and set time provided by manufacturers are given in Table 4.1. Cement I 
had higher C3A and alkaline contents than Cement L. It can be seen in Figure 4.8 that the 
modified penetration resistance test was able to monitor differences in stiffening behavior of 
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these two cements. With our proposed initial and final set value, Cement I reached initial set at 
about 215 min and final set at about 300 min. For Cement L, initial set was reached at about 225 
min and final set at about 410 min. Although the values are not the same, the differences in initial 
setting time agree reasonably with the differences in Table 2, measured using C191, 80 min for 
Cement I and 119 min for Cement L. 
4.2. Discussion 
According to Christensen [30], either exponential or power functions are recommended for 
fitting penetration data. In this research, both functions were applied. The power function 
showed better fit, especially with the data from early penetration measurements; but it did not 
show a good fit with data close to final set. The exponential function showed better overall fit 
with all the data. It is also recommended by Christensen [30] to use at least six points to fit the 
function and to remove any outliers; such a process generally results in a correlation coefficient 
better than 98%. Although we have not excluded any outlier data, we were able to obtain 
correlation coefficients greater than 96% using exponential functions. Therefore, exponential 
functions were used to estimate the initial and final set times throughout this paper. The results 
reported here demonstrate, as was found previously [4], that the penetration resistance test C403 
can be applied to cement paste to monitor stiffening. The penetration resistance of cement paste 
was seen to increase gradually and progressively over time in much the same way as the 
penetration resistance of mortar extracted from concrete. Both materials are well described by 
exponential functions.  
Based on the values reported here for penetration resistance of cement paste corresponding 
to initial and final set in mortar extracted from concrete, C403 can be considered as an 
alternative to C191 for cement paste. In addition, C403 allows direct comparison between paste, 
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mortar and concrete (mortar extracted from concrete), while C191 does not.  
The modified C403 method was able to detect differences in initial and final set time due to 
differences in w/c, addition of sand, and differences in cement composition. As shown in Figure 
4.3(a), increasing w/c from 0.4 to 0.5 decreased penetration resistance and caused it to increase 
more slowly. With our proposed initial and final set value, the initial set time increased from 195 
to 285 min, and the final set time increased from 325 to 450 min when w/c increases from 0.4 to 
0.5. A similar trend was observed by Dodson [29] for mortars extracted from concretes with 
different w/c values. The increase in w/c reduces the amount of cement, and therefore reduces 
the rate of hydration, thereby slowing down setting. As shown in Figure 4.6, adding sand 
increased penetration resistance and caused it to increase more rapidly. As a result, the initial set 
time decreased from 225 to 175 min, and the final set time decreased from 340 to 285 min. 
Nonetheless, results with paste were roughly proportional to results with mortar. As shown in 
Figure 4.8, cements with different compositions had different values of penetration resistance 
and setting times. 
4.3. Conclusions 
The following conclusions are drawn from these results:  
1) Penetration resistance of cement paste can be measured using ASTM C403. The 
stiffening behavior of paste is quite similar to that of mortar extracted from concrete. 
The adopted changes in test procedure are more convenient for paste (smaller 
specimen depth, smaller spacing between impressions) and are seen to have little or no 
negative influence on test results.  
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2) Removal of bleed water increased the scatter of the penetration resistance data, but did 
not significantly change the average penetration resistance values. Therefore bleed 
water should not be removed during the test. Similarly, sample movement and frequent 
early penetration should be avoided. When test parameters were strictly controlled, the 
standard deviation for the penetration resistance at 480 min was 2 MPa, about 8% of 
the mean.  
3) Penetration resistance and setting times for mortar extracted from concrete agreed well 
with values for mortar prepared directly. 
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5. SOLUTION CONCENTRATION MEASUREMENTS USING UWR 
The initial motivation of this work was to investigate the possibility that polymers may 
absorb water; if the interlayer behavior (between cement paste and buffer material) changes due 
to water absorption, then the measured UWR data would be disrupted. It was also necessary to 
check the stability of HIPS buffer in chemical solutions since the main objective of this work is 
to measure the hydration and stiffening of cement paste, which has high pH. A decrease in the P-
wave reflection coefficient was observed when 1-M NaOH solution was measured, so it was 
observed that ultrasonic wave reflection coefficients could be used to monitor the properties of 
aqueous solutions. 
5.1. Modification in signal processing 
The expression for reflection coefficient is shown in equation 2.11. However, the actual 
reflection coefficient (r) in this case is negative because the acoustic impedance of the solution 
(Z2) is always lower than that of the HIPS buffer (Z1). In order to express r as a positive value, 
equation 2.11 can be modified by replacing r with – r. Thus equation 2.11 becomes 
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where r΄ represents the reflection coefficient measured with the described testing set-up and 
procedure in Chapter 3.2.1. In order to calculate the acoustic impedance of chemical solution 
(Z2), Eqn. 5.1 is manipulated to give 
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5.2.Results  
Measured values of solution P-wave velocity, solution acoustic impedance, self-
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compensated P-wave reflection coefficient, and solution density are given in Table 5.1.  
Table 5.1. Properties of solutions used in the experiment 
Species 
P-wave 
velocity 
of 0.5M 
solution 
(m/s) 
P-wave 
velocity 
of 1 M 
solution 
(m/s) 
Reflection 
coefficient of 
0.5-mol/L 
solution 
Reflection 
coefficient of 
1-mol/L 
solution 
Density 
of 0.5M 
solution 
(g/cm3) 
Density 
of 1 M 
solution 
(g/cm3) 
NaCl 1528.7 1550.9 0.185 0.166 1.007 1.031 
Na2SO4 - - - 0.100 - 1.109 
K2CO3 - - 0.151 0.102 - 1.109 
Na2CO3 1566.1 1646.7 0.154 0.100 1.034 1.095 
CaCl2 - - - 0.151 - 1.083 
KOH - - - 0.160 - 1.034 
NaOH 1527.0 1570.3 0.182 0.157 1.015 1.034 
NH4Cl 1512.6 1514.2 0.194 0.186 1.001 1.010 
KNO3 - - - 0.172 - 1.049 
MgSO4 - - - 0.115 - 1.102 
Sucrose - - - 0.109 - 1.121 
KCl - - - 0.168 - 1.039 
NaC2H3O2 - - - 0.153 - 1.030 
Sr(NO3)2 - - - 0.115 - 1.151 
Na2Cr2O7 - - - 0.095 - 1.175 
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5.2.1. The accuracy and sensitivity of reflection coefficient measurements 
The accuracy and sensitivity of our reflection coefficient measurements were assessed by 
comparing reflection coefficient with acoustic impedance values. The solution acoustic 
impedance values ZS were computed from the directly measured values of solution density and 
P-wave velocity using equation 2.13. Solutions representing a wide range of expected reflection 
coefficients were selected: one solution with a low value (Na2CO3), two solutions with mid-
range values (NaCl and NaOH), and one solution with a high value (NH4Cl). Solution 
concentrations of 0.5 mol/L and 1.0 mol/L were tested for each species. The relationship between 
the measured reflection coefficient R and acoustic impedance Zs is shown in Figure 5.1.  
 
Figure 5.1. Reflection coefficient as a function of directly measured acoustic impedance for 0.5 
M and 1.0 M NaCl, NaOH, Na2CO3, and NH4Cl solutions. The dashed line indicates reflection 
coefficient calculated by equation 2.11. 
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As shown in Figure 5.1, the two parameters show a strong linear correlation. The reflection 
coefficient values also show an excellent fit to Zs values computed using equation 5.2 for these 
same solutions (assuming a value of 2.27 MRayls for Z16), regardless of the species type or 
concentration. Thus our UWR testing set-up, including the self-compensation strategy, is seen to 
be accurate and valid.  
The buffer in our study was selected to provide greater sensitivity to solution properties 
than that provided by metal buffers; other researchers have also used polymer buffers to monitor 
solution properties [45]. Greenwood and Bamberger [42] reported a 2% difference in reflection 
coefficient between pure water and 1.0-mol/L sucrose solution, whereas we measured a 47% 
difference for the same solutions. The reflection coefficient value from 1.0-mol/L (30% by 
weight) sucrose solution was 0.109 (Table 5.1); the reflection coefficient value from pure water 
was 0.207. We attribute this greater sensitivity to our use of a HIPS buffer, much lower in 
impedance than the stainless steel buffer used by Greenwood and Bamberger.  
5.2.2. Reflection coefficient and concentration 
In order to investigate relationships between P-wave reflection coefficient and 
concentration, NaCl solutions with concentrations ranging from 0.1 M to 1.0 M were tested. As 
shown in Figure 5.2, the reflection coefficient showed a linear reduction with increasing 
concentration of NaCl and a very strong correlation: the coefficient of correlation (R2) is greater 
than 0.98. This result confirms the similar finding reported for NaCl by Shafer et al. [41]. The 
reflection coefficients of other chemical species also decreased linearly with concentration but 
                                                 
6 Acoustic impedance of buffer material is calculated using measured density and measured P-
wave velocity approximately at 20˚C. 
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had very different slopes, as shown in Figure 5.2 for NaCl, NaOH, K2CO3 and Na2CO3 solutions. 
Data from other chemical species are presented in Table 5.1. Unlike the earlier study, which 
reported a relationship only for NaCl, we have shown that each chemical species has its own 
distinct relationship between reflection coefficient and concentration.  
 
Figure 5.2. Reflection coefficient as a function of solution concentration for NaCl, NaOH, 
K2CO3, and Na2CO3. The dashed line represents a best-fit linear relation to the NaCl data; the 
equation for the best fit line is shown. 
 
5.2.3. Reflection coefficient and density 
In order to understand the reason for the disparate UWR behavior of different chemical 
solutions, factors such as solubility, density of solutes, and molecular weight, and density were 
considered; the first three terms did not explain the behavior, but the solution density did explain 
the behavior. In Figure 5.3, the wave reflection values are plotted as a function of solution 
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density, which was measured directly. It can be seen that the disparate relationships with 
concentration shown in Figure 5.2 tend toward a single relationship with density in Figure 5.3, 
although there are still small differences in behavior between the various solute species.  
 
Figure 5.3. Reflection coefficient as a function of solution density for the same solutions as in 
Figure 5.2. 
 
5.2.4. Reflection coefficient and wave velocity 
Figure 5.4 shows the relationship between reflection coefficient and P-wave velocity, 
which was measured directly, for the same solution set shown in Figures 5.2 and 5.3. Compared 
to the density results shown in Figure 5.3, the velocity shows an even more unified and linear 
relationship to reflection coefficient for all solution species. The best fit line, and associated 
equation, for all the data are shown in the figure. 
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Figure 5.4. Reflection coefficient as a function of P-wave velocity for NaCl, NaOH, Na2CO3, and 
NH4Cl solutions. The dashed line represents a best-fit linear relation to all the data; the equation 
for the best fit line is shown. 
 
5.2.5. Computing solution density 
The results in Figure 5.1 demonstrate that reflection coefficient shows excellent correlation 
with acoustic impedance, regardless of the species in solution or the concentration. Thus it may 
be possible to compute reliably the acoustic impedance of a solution of unknown species and 
concentration from solely the measured wave reflection coefficient. Figure 5.5 shows that 
acoustic impedance values computed from the measured wave reflection coefficient (Zcal) are 
nearly equal to the acoustic impedance values computed from the directly measured wave 
velocity and solution density (Zreal) for all solutions. Table 5.2 shows that the error between the 
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two impedance values (computed as 100% ×−=
real
calreal
Z
ZZerror ) is at most 1.15% and averages 
0.59%, a performance that is equal to or better than that reported by others [42, 45].  
 
Figure 5.5. Calculated acoustic impedance (computed from measured reflection coefficient) 
versus real acoustic impedance (computed from measured P-wave velocity and density) of NaCl, 
NaOH, Na2CO3, and NH4Cl solutions. Dashed line indicates the line of equality. 
 
Table 5.2. Error of calculated acoustic impedance (from UWR measurement) with respect to 
actual acoustic impedance (from direct measurement) of various solutions 
Concentration 
Error (%) 
water NaCl NaOH Na2CO3 NH4Cl 
0.5M 
0.66 
0.52 0.37 0.29 0.52 
1M 1.15 0.27 0.84 0.29 
65 
 
Similarly, the results in Figure 5.4 demonstrate that reflection coefficient shows excellent 
correlation with wave velocity, also regardless of the species in solution or the concentration. 
These two behaviors can be used to develop a unified relation to predict solution density solely 
from the reflection coefficient. Solving the regression equation shown in Figure 5.4 for VP, and 
inserting this expression into equation 2.13 gives an expression for Z2 in terms of ‘r’ and ρs.  
Substituting this expression for Z2 into Eqn. 5.2, and rearranging gives  
( )
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'1000577.0 1 rr
rZSρ                    (5.3) 
where ρS is the density of the solution. Solution density values computed using this equation are 
plotted against the experimental values in Figure 5.6.  
 
Figure 5.6. Density computed using Eqn. 5.3 versus measured density (Table 5.2). Z1 is assumed 
to be 2.27 MRayls. 
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The average squared error is given by  nDD mc /)(
2∑ − , where Dc is the calculated 
density, Dm the measured density, and n the number of solution samples. The average squared 
error of the density estimate is 0.022 g/cm3. The data exhibit scatter, but the correlation between 
predicted and actual values of solution density is good for solution densities below 1.14 g/cm3. 
For solutions at the upper limit of density (above 1.14 g/cm3), our model significantly under-
predicts the true density.  
5.3. Discussion 
The scatter observed in the results suggests that solution density is not the only solution 
characteristic (beyond wave velocity) that affects reflection coefficient in the various solutions; 
other factors might include ionic strength and solution viscosity. However, the unified 
relationship between reflection coefficient and density observed for all chemical species tested 
here indicates that solution density is the principal solution characteristic controlling the P-wave 
wave reflection coefficient in aqueous solutions.  
We carried out experiments to determine whether the scatter in Figure 5.6 is due to 
uncertainty in sample preparation or uncertainty in the density measurement. Replicate samples 
of six randomly selected 1-mol/L solutions were prepared and tested. The results are presented in 
Table 5.3. The repeated measurements show good agreement with the initial values. Thus the 
scatter in Figure 5.6 does not appear to reflect uncertainty in solution preparation or density 
measurement.  
Thus using solely P-wave UWR values it is possible to predict the density for any solute 
with fair accuracy and to predict P-wave velocity and acoustic impedance with good accuracy. 
However, it is not possible using UWR values to predict concentration for any solute, it is 
necessary to first determine this relationship for each particular chemical species. One possible 
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explanation for this difference between density and concentration are the differences in 
properties of dissolved ionic species. Solution density depends directly on concentration and on 
solute density, but depends as well on hydration of the ionic species, which in turn depends 
mainly on the charge and the size of each ion. Positive ions attract the negative part of water 
molecules (OH-) and negative ions attract the positive part of water molecules (H+). A strong 
attraction between a specific ion species and water molecules gives rise to high hydration density. 
This effect is believed to cause the differences in behavior between solution concentration and 
density in how they control ultrasonic wave reflection.  
 
Table 5.3. Reflection coefficient and density values for repeated trials of selected 1 M solutions 
Species 
Reflection coefficient 
Density 
of 1 M solution (g/cm3) 
Trial 1 Trial 2 Trial 1 Trial 2 
NaCl 0.166 0.166 1.038 1.040 
K2CO3 0.102 0.103 1.109 1.102 
KOH 0.160 0.161 1.034 1.032 
NaOH 0.157 0.154 1.036 1.304 
MgSO4 0.115 0.116 1.102 1.104 
Sucrose 0.109 0.109 1.121 1.130 
 
The measured P-wave velocity of de-ionized water is 1475.4 m/s at 20˚C. The wavelength 
of P-waves in water is approximately 0.65 mm at a frequency of 2.25 MHz. This wavelength is 
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much larger than the size of dissolved ions in the solution. Thus, the P-waves are not expected to 
interact with individual ions. Any changes which are observed by UWR are most likely caused 
by changes in the bulk physical properties of the solution, such as fluid density and bulk modulus 
[42], which change the acoustic impedance of the solution.  
5.4. Conclusions 
Based on the presented results, the following conclusions are drawn: 
1) The first echo compensation algorithm provides accurate and useful UWR data. P-
wave UWR with a HIPS buffer offers a practical, sensitive, and straightforward 
method to monitor solution properties. With this UWR testing set-up, the acoustic 
impedance of the solution uniquely defines the measured wave reflection coefficient.  
2) For a single solute species, the reflection coefficient reduces linearly with increasing 
concentration. With other solute species, the reflection coefficients also decrease 
linearly with increasing concentration, but with different slopes for each. 
3) Acoustic impedance, P-wave velocity and, to a lesser degree, solution density show 
unified relationships with reflection coefficient for all chemical species tested here. 
4) Based on the unified behavior of P-wave velocity and acoustic impedance, an 
expression to compute solution density solely from reflection coefficient is derived; 
this expression shows reasonable estimation of solution density regardless of the 
solute species for solution densities below 1.14 g/cm3. This method can be applied to 
estimate solution density in aqueous solutions of unknown solute species within this 
density range. 
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6. ALUMINA SUSPENSION MEASUREMENT USING UWR 
This chapter describes a broader effort to understand the UWR response to early-age 
portland cement concrete. From our preliminary work, we have found when using a HIPS buffer 
that there is an initial decrease in S-wave UWR and an initial increase in P-wave UWR during 
the first 20 minutes after mixing [68]. We hypothesized that these early changes are associated 
with time-dependent flocculation or segregation of the cement particles [68]. The work reported 
here was undertaken to provide a basis for this interpretation by determining directly how 
microstructural changes affect the UWR response. This was achieved using a controllable and 
chemically non reacting suspension. 
In this chapter, we aim to understand how ultrasonic wave reflection (UWR), using both S-
waves and P-waves, correlates with the microstructure (dispersed vs. flocculated) of suspensions. 
Aqueous alumina suspensions were chosen for this study because it is easy to manipulate their 
microstructure from dispersed to flocculated and vice versa by adjusting the pH. The objective is 
to eliminate the effect of hydration for better understanding the early UWR response of cement 
paste.  
The UWR response was also measured using dispersed suspensions of coarse silica 
particles that were expected to show settlement. The S-wave measurements are expected to 
provide information about the degree of flocculation in the suspension, while the P-wave 
measurements are expected to provide information about settlement.  
6.1. Results 
6.1.1. Oscillatory rheology 
Results from rheological measurements of alumina suspensions are shown in Figure 6.1. At 
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pH 4, the elastic modulus was about 2 Pa at low applied shear stress and decreased only slightly 
as applied shear stress was increased. This behavior, low elastic modulus irrespective of applied 
stress, is characteristic of a dispersed suspension [70, 71]. Such a suspension behaves as a liquid 
and is not able to resist shear stress, even at low stress levels. 
The suspension at pH 9 was distinctly different. The elastic modulus at low stress was 
approximately 5×105 Pa. As stress was increased, the modulus decreased abruptly to 
approximately 10 Pa at a stress of 50 Pa. This behavior, high elastic modulus at low applied 
stress and low modulus at high applied stress, is characteristic of a flocculated suspension [70, 
71]. Such a suspension is able to resist shear stress, at least at low levels, and the sharp decrease 
in elastic modulus at some intermediate stress level is indicative of the onset of flow and 
provides a measure of yield stress. Thus rheology results verify the expected suspension 
microstructures: dispersed at pH 4 and flocculated at pH 9. 
 
Figure 6.1. Dynamic rheology response of 40% alumina suspensions 
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6.1.2. Ultrasonic wave reflection 
Results for P-wave and S-wave UWR carried out on alumina suspensions are reported here. 
The P-wave acoustic impedance of alumina suspensions is normally higher than that of HIPS 
buffer, and the S-wave acoustic impedance is always lower than that of HIPS. Considering 
Equation 2.11, only decreases in S-wave reflection coefficient are expected as the shear acoustic 
impedance (which is directly related to shear modulus) of the alumina suspension increases. 
Similarly, only increases in P-wave reflection coefficient are expected as the compressive 
acoustic impedance (which is directly related to elastic modulus) of the alumina suspension 
increases.  
6.1.2.1. Dispersed and flocculated alumina suspensions 
Figure 6.2 presents the S-wave UWR results for both dispersed and flocculated 
suspensions. The reflection coefficient of the dispersed suspension was fairly stable and had a 
value of approximately 0.99, despite some noise during the first sixty minutes of testing. This 
value indicates, as expected, very little propagation of S-waves into the dispersed suspension. 
The reflection coefficient of the flocculated suspension showed a different response: the 
reflection coefficient had an initial value of nearly unity, decreased rapidly to about 0.92 at 20 
min, continued to decrease at a progressively slower rate, and reached a value of approximately 
0.88 at 140 min. The reflection coefficient was always lower than unity for the flocculated 
suspension, as expected for the inter-connected microstructure of the flocculated suspension. The 
observed decrease in S-wave reflection coefficient is probably caused by increased particle 
interaction and interlocking and may be caused by the applied ultrasonic energy. This possibility 
was tested by measuring a flocculated alumina specimen not exposed to any ultrasonic energy 
for some time after the suspension was poured into the container. The UWR response measured 
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after two hours is shown in Figure 6.2. In this case, the reflection coefficient started at a value 
close to 0.88 and decreased slowly as a function of time. The curve is a reasonable extension of 
the curve measured immediately after pouring. Therefore it is concluded that the decrease in S-
wave reflection coefficient is not caused by application of ultrasonic energy.  
 
Figure 6.2. S-wave UWR response of dispersed and flocculated 40% alumina suspensions. 
 
The P-wave UWR results from dispersed and flocculated suspensions are shown in Figure 
6.3. The signals exhibit lower signal to noise ratio compared to the S-wave responses because the 
reflected P-wave pulse has a relatively low amplitude. Recall that the HIPS buffer was selected 
because of its low acoustic impedance value, which enables high sensitivity to mechanical 
changes in the sample. Despite the noise, it can be seen in Figure 6.3 that the P-wave reflection 
coefficient for the flocculated suspension was about 0.14 and was fairly constant throughout the 
measurement. This response is quite different from the progressive decrease observed in S-wave 
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reflection coefficient for the same suspension. On the other hand, the P-wave UWR response of 
the dispersed suspension was not constant. It started at a slightly lower value, 0.11, and gradually 
increased over time, reaching 0.18 at 120 minutes, somewhat higher than the constant value 
exhibited by the flocculated suspension. The increase in P-wave reflection may be due to particle 
settlement.   
 
Figure 6.3. P-wave UWR response of dispersed and flocculated 40% alumina suspensions. 
 
6.1.2.2. Changing state of alumina suspensions 
Experiments were also carried out in which the microstructures of alumina suspensions 
were modified while the UWR tests were carried out. The suspensions were changed from 
dispersed to flocculated or flocculated to dispersed by adding acid or base, respectively. In these 
experiments the suspensions were stirred only by hand using a spatula. Also the pH value was 
not measured or strictly controlled, but the amounts of added acid or base reflected the amounts 
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found previously to provide the desired pH values for dispersion or flocculation.  
The change in S-wave reflection coefficient when going from dispersed to flocculated 
states is presented in Figure 6.4(a). In the initial dispersed state, the reflection coefficient soon 
stabilized at a value close to 0.99, similar to the dispersed suspension in Figure 6.2. When the 
suspension was stirred and several drops of NaOH solution were added to cause flocculation, a 
strong increase in reflection coefficient was immediately observed, which was attributed to the 
mechanical disturbance of stirring and does not reflect changes in material microstructure. 
Afterwards, S-wave reflection coefficient decreased, rapidly for the first 20 minutes and more 
slowly thereafter. This response was similar to the behavior of the flocculated suspension 
observed in Figure 6.2. Thus the change in state from dispersed to flocculated could be observed 
visually in the UWR results.  
The change in S-wave reflection coefficient when going from flocculated to dispersed is 
presented in Figure 6.4(b). In the initial flocculated state, the reflection coefficient had an initial 
value of 1.00 and decreased, rapidly at first and then more slowly, to a value below 0.90, similar 
to the behavior of the flocculated suspension in Figure 6.2. When the suspension was stirred and 
several drops of HCl solution were added to cause dispersion, again a strong increase in 
reflection coefficient was observed, associated with the mechanical action of stirring. Then the S-
wave UWR value quickly settled to a value of about 0.98, similar to the dispersed suspension in 
Figure 6.2. Once again, the change from flocculated to dispersed states could be observed in the 
UWR results.  
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(a) 
 
(b) 
Figure 6.4. S-wave UWR responses of suspension under changing states: (a) dispersed to 
flocculated and (b) flocculated to dispersed. 
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(a)  
 
(b) 
Figure 6.5. P-wave UWR responses of suspension under changing states: (a) dispersed to 
flocculated, (b) flocculated to dispersed. 
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The change in P-wave UWR when going from dispersed to flocculated is presented in 
Figure 6.5(a). In the initial dispersed state, the P-wave reflection coefficient was low and 
increased over time, similar to the behavior of the dispersed suspension in Figure 6.3. When the 
suspension was stirred and NaOH solution was added, a decrease in reflection coefficient was 
observed, again attributed to stirring. Then the P-wave reflection coefficient settled to a 
consistent value of about 0.13, similar to the flocculated suspension in Figure 6.3.  
The change in P-wave UWR when going from flocculated to dispersed is presented in 
Figure 6.5(b). In the initial flocculated state, the P-wave reflection coefficient held constant at 
about 0.13, similar to the flocculated suspension in Figure 6.3. When the suspension was stirred 
and HCl solution was added, a decrease in the P-wave reflection coefficient was observed, 
attributed to stirring. Then the P-wave reflection coefficient increased gradually over time, 
reaching a value of about 0.16 by 12 hours. Similar behavior was seen for the dispersed 
suspension in Figure 6.3, although the change was rather small compared to that observed in 
freshly dispersed suspension. In both cases, the expected P-wave UWR behavior for flocculated 
and dispersed states was observed.  
6.1.3. Settlement 
The decrease in S-wave reflection coefficient and increase in P-wave reflection coefficient 
observed during the first several hours might be caused by settlement of alumina particles in the 
suspensions. Therefore, tests were undertaken to assess directly whether the suspensions were 
settling. Dispersed and flocculated suspensions were poured into graduated tubes and observed 
visually. Photos of these test samples are presented in Figure 6.6. When freshly prepared, the 
dispersed and flocculated suspensions did not show any apparent settlement. After 3 days (Figure 
6.6(a)) there was some settlement in the dispersed suspension, with a cloudy liquid layer forming 
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Alumina particles smaller than 1 µm are not expected to settle. However, the alumina 
suspensions were initially treated using an ultrasonic bath rather than a high energy ultrasonic 
probe, so the settlement observed in the dispersed suspensions may reflect agglomeration due to 
incomplete initial dispersion.  
The effect of significant levels of settlement on UWR was explored using mixtures of 
coarse silica particles and water. Both P- and S-wave UWR results are shown in Figure 6.7. 
These silica particles are so large (about 0.36 mm) that they are presumed to settle fully without 
any flocculation. The S-wave reflection coefficient for this suspension was initially 0.97, 
indicating that the suspension was largely dispersed. As more particles were added (and 
presumably settled), the S-wave reflection coefficient remained unchanged. A slight decrease 
(from 0.97 to 0.96) was observed when the volume fraction of silica exceeded 35 %, but this 
change was negligible. This slight decrease in reflection coefficient at 35 % silica suggests that a 
large mass of settled silica particles may provide a slight shear resistance among the particles 
owing to the overburden force of the over-lying particles. 
The P-wave reflection coefficient was noticeably different from the S-wave behavior. As 
more particles were added and presumably settled, the P-wave reflection coefficient increased. 
This response is attributed to an increase in the number of physical contact points between 
settled silica particles and buffer surface near the location of the transducer. The increase in 
reflection coefficient continued until about 27% silica was attained, which is assumed to 
correspond to the maximum number of particle-buffer contacts. Beyond this level, there was no 
further increase in reflection coefficient. Further addition of silica likely does not increase the 
number of physical contact points on the buffer surface, and the data fluctuation after 27% 
addition is probably associated with movement due to pouring of particles.  
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Figure 6.7. UWR response of coarse particle suspensions. 
 
6.2. Discussion 
Dispersed and flocculated states were clearly distinguished by S-wave UWR. As shown in 
the previous section, the S-wave reflection coefficient for the dispersed state was near unity, 
whereas the S-wave reflection coefficient for the flocculated state was somewhat lower, about 
0.88 at 140 min. The S-wave UWR shows a clear difference between dispersed and flocculated 
conditions because of basic characteristics of the ultrasonic wave. In most cases, shear waves can 
propagate only within solid materials. However the flocculated alumina suspension, whose 
particles form an interconnected network, provides sufficient shear resistance to allow 
measurable shear forces to transmit through the particle network. On the other hand, the 
dispersed alumina suspension, whose particles repel each other and avoid contact, allows very 
little or no shear forces to transmit; so there is essentially no S-wave propagation within the 
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material.  
The S-wave reflection coefficient of the flocculated alumina suspension decreased with 
time over a fairly long time period, in excess of 240 min. This behavior, shown not to be due to 
the dynamics of the ultrasonic testing itself, may result from consolidation of the flocculated 
microstructure, which is consistent with visual observation of settlement reported here. However, 
another possibility is that the decrease is due to slow, time-dependent development of the 
flocculated microstructure. Rheology tests reported here were performed only at a single time (5 
min after the end of the pre-shear). Kirby and Lewis [71], who tested dynamic rheology as a 
function of time for alumina suspensions, showed that the elastic modulus of alumina 
suspensions increased as a function of time over a fairly long time period; for example, modulus 
was still increasing at 30 minutes when their measurements stopped. They attributed this 
behavior to reforming of particle-particle contacts broken during the pre-shear. Based on those 
results, it is suggested that the decrease in S-wave reflection factor observed here may be due, at 
least in part, to continuing flocculation after the suspensions were no longer being sheared 
(whether by stirring or by pouring).  
The dispersed and flocculated states were not well distinguished by P-wave UWR. The P-
wave reflection coefficient was about 0.14 for the flocculated alumina suspension and 0.18 for 
the dispersed alumina suspension. The P-wave UWR showed little difference between dispersed 
and flocculated states because of the basic characteristics of the ultrasonic wave. As discussed in 
the introduction, P-waves can propagate through solids and fluids. With the UWR method, the 
proportion of P-wave energy that transmits into the material depends on the difference in 
acoustic impedance between buffer and the material. Further, it is generally understood that the 
UWR method probes this difference only in the region near the interface between buffer and 
82 
 
material. So it appears from these measurements that the acoustic impedances of the dispersed 
and flocculated suspensions at the interface were fairly similar. Furthermore, it appears that the 
impedance of the flocculated alumina suspension at the interface was fairly constant over time, 
whereas that of the dispersed suspension at the interface was increasing progressively as a 
function of time, an increase likely caused by a gradual increase in particle contact points at the 
interface due to settlement. Settlement in dispersed suspensions was distinguished by P-wave 
UWR. Settlement produced an increase in the P-wave reflection coefficient, attributed to an 
increase in apparent density, and thus acoustic impedance, at the buffer-sample interface. This 
effect was confirmed by the coarse silica suspension measurements. The observed increase can 
be explained, according to the wave reflection theory in equation (2.11), only by an increase in 
the difference between the P-wave acoustic impedances of suspension and buffer. If the P-wave 
acoustic impedance of the suspension (Z2) is higher than that of the buffer (Z1), then settlement 
should act to increase acoustic impedance at the buffer-specimen interface, causing an increase in 
reflection coefficient, as observed in Figures 6.3 and 6.7.    
The sensitivity and behavior of UWR measurements depend critically on the choice of 
buffer. The P-wave acoustic impedance of an alumina suspension is slightly higher but very close 
to that of HIPS (2.27 MRayls). Since PMMA (about 3.2 MRayls) has higher acoustic impedance 
than HIPS, the P-wave response with PMMA buffer is expected to present different behavior 
from what was observed with HIPS. An acoustically harder buffer, such as fused quartz 
(approximately 12 MRayls), can be used, but the difference between the buffer and alumina 
suspension becomes larger, in which case it may not be possible to observe the subtle differences 
between dispersed and flocculated states. In spite of the high sensitivity that HIPS provides, it 
has one disadvantage: the amplitude of the reflected P-wave pulse is very small, giving a low 
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signal to noise ratio. However, common signal processing techniques such as signal averaging 
and digital filtering may be applied to improve the data.  
Results show that P-wave UWR can detect settlement in dispersed suspensions and S-
wave UWR can detect flocculation of the suspension. These findings will facilitate the 
interpretation of UWR results obtained with portland cement samples at early ages.  
6.3. Conclusions 
Based on the presented results, the following conclusions are drawn: 
1) The S-wave UWR responses showed a clear distinction between dispersed and 
flocculated suspensions. The dispersed alumina suspensions had S-wave reflection 
coefficients of approximately 1 and the flocculated alumina suspensions had lower S-
wave reflection coefficients, in the range of 0.85 to 0.9, that continued to decrease with 
time.  
2) The P-wave UWR responses showed little distinction between dispersed and 
flocculated states of the alumina suspensions. The dispersed alumina suspensions had 
P-wave reflection coefficients in the range 0.12 to 0.18 that continued to increase with 
time, probably because of particle settlement. The flocculated alumina suspensions had 
P-wave reflection coefficients of approximately 0.14, and remained relatively constant 
over time.  
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7. STIFFENING AND SETTING OF CEMENT PASTE 
In this chapter, ultrasonic wave reflection (UWR) is used to monitor stiffening and setting 
of cement paste. Both S-waves and P-waves are analyzed simultaneously to develop and extend 
the use of UWR to monitor early stiffening of cement paste. The penetration resistance test 
(ASTM C 403) and temperature rise of cement paste are also used to correlate stiffening 
characteristics.  
To investigate the effects of buffer material on the determination of setting time, the 
reflection coefficients of w/c 0.5 cement paste are measured with five different buffer materials 
(high impact polystyrene (HIPS), PMMA, aluminosilicate, borosilicate glass, and 304 stainless 
steel). The effect of premature stiffening on the ultrasonic wave reflection is also presented in 
this chapter. 
7.1. Results for normal cements 
7.1.1. Penetration resistance 
Figure 7.1 shows the results obtained from penetration resistance on cement pastes of 
water to cement ratio (w/c) = 0.35, 0.4, 0.5, and 0.6. The penetration resistance is plotted as a 
function of time. Initial and final set were determined to be at 2 and 14 MPa, using exponential 
curve fit as explained in Chapter 4. Values of initial and final set, as calculated using exponential 
curve fit equation are shown in Table 7.1. It can be seen that the penetration resistance clearly 
distinguishes the differences in various w/c levels. 
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Figure 7.1. Penetration resistance of cement pastes with varying w/c. Note that the trend lines are 
based on an exponential fit. 
 
Table 7.1. Initial and final set measured from penetration resistance of various w/c cement paste.  
w/c Initial Set, min. Final Set, min. Equation for curve fit 
0.35 142 220 Y = 0.07464*exp(0.02311*X) 
0.4 157 264 Y = 0.14301*exp(0.01676*X) 
0.5 228 344 Y = 0.05903*exp(0.01547*X) 
0.6 319 467 Y = 0.04197*exp(0.01212*X) 
* Note that Y in the equation is in units of MPa, and X in units of minutes. 
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7.1.2. Ultrasonic S-wave reflection 
7.1.2.1. Choice of buffer 
Figure 7.2 presents the ultrasonic S-wave reflection coefficient values of w/c 0.5 cement 
paste with various buffers. It is observed from the curves that the use of different buffers changes 
the nature of the reflection curve. HIPS and PMMA show an inversion. However, aluminosilicate 
(AS), glass, and 304 stainless steel (SS) do not show inversion. When HIPS buffer shows an 
inversion at about 600 minutes, 304 SS shows reflection coefficient value of 0.96. This huge 
difference comes from the differences in the S-wave acoustic impedances of the buffers, which 
are 0.998 MRayls for HIPS and 25.295 MRayls for 304 SS, respectively.  
 
Figure 7.2. Ultrasonic S-wave reflection responses from cement paste with varying buffer type. 
 
The S-wave acoustic impedances of various buffers were calculated using equation (2.13), 
and are presented in Table 7.2. The variation in reflection coefficient shown in Figure 7.2 is 
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dependent on the buffer used – if we consider the first 480 minutes of the curve, the variation is 
over 0.9 for HIPS, as opposed to less than 0.1 for 304 SS. Moreover, it is quite evident from the 
results that the higher impedance buffers do not show enough sensitivity to changes at early ages. 
Since the focus of this work is early setting and stiffening, HIPS was chosen as a buffer. 
 
Table 7.2. S-wave acoustic impedance values of various buffers 
Buffer Acoustic Impedance, ZS, MRayls 
HIPS 0.998 
PMMA 1.701 
Aluminosilicate 6.252 
Borosilicate glass 7.253 
304 stainless steel 25.295 
 
 
7.1.2.2. Determination of setting time 
As shown from Table 7.2, HIPS buffer has the lowest acoustic impedance (ZB) among 
tested buffers, and hence is the most sensitive to small changes in the paste; this is confirmed in 
Figure 7.2. To observe the test reproducibility with HIPS buffer, the same mixture was tested on 
seven separate occasions, and the results are presented in Figure 7.3. As shown from Figure 7.3, 
the seven replicate w/c 0.5 cement paste specimens generally follow a similar trend although 
some scatter is seen in the data.  
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Figure 7.3. Repeated ultrasonic S-wave reflection responses for w/c 0.5 cement paste 
 
An initial decrease in the S-wave response is consistently observed during the first 20 
minutes. This is likely caused by reforming particle to particle contact as discussed in Chapter 6. 
The S-wave response then shows a slight decrease or a plateau for 100 minutes, and starts to 
show decrease substantially at about 120 minutes. The rapid drop in S-wave reflection response 
is associated with the microstructural developments due to hydration. 
The rapid drop in S-wave reflection was associated with the onset of stiffening [68]. The 
onset of stiffening measured by ultrasonic wave reflection was different from the initial set 
measured by penetration resistance. Based on the penetration resistance measurements of w/c 0.5 
cement paste, shown in Figure 7.1 and Table 7.1, the initial set time for w/c 0.5 cement paste was 
228 minutes. The initial set occurred much later than the onset of stiffening.  
It is shown that S-wave UWR varies from 0.8 to 0.85 (dotted line in Figure 7.3) at the 
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initial set time (228 minutes). It has already been shown that UWR value depends on the choice 
of buffer (Figure 7.2), so it is not appropriate to use the reflection coefficient as an indication of 
initial set. Therefore, the acoustic impedance of cement paste, which is a fundamental material 
characteristic, was utilized. By manipulating Equation 2.11, UWR values for cement paste in 
Figure 7.3 can be converted into corresponding acoustic impedance values of cement paste, ZP 
(Figure 7.4). From the data shown in Figure 7.4, ZP values at 228 minutes were found to be 
0.06843, 0.10385, 0.09158, 0.10182, 0.10560, 0.08591, and 0.08094 MRayls, respectively. The 
average of these values is ZP = 0.09110 MRayls, and this value is used to determine the initial set 
of cement paste. Table 7.3 shows initial set for the seven trials along with relevant statistical 
parameters. 
 
Figure 7.4. The acoustic impedances computed from reflection coefficients of w/c 0.5 cement 
pastes. The reflection coefficient data are shown in Figure 7.3. 
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Table 7.3. Initial and final set time and statistical values for w/c = 0.5 repetitions 
Trial Initial set (min.) Final set (min.) 
1 249 339 
2 216 336 
3 228 308 
4 217 325 
5 213 324 
6 233 332 
7 237 325 
Average 228 327  
Standard deviation  13.13 10.23  
Coefficient of variation, % 5.77 3.13  
 
 
 The UWR values of cement paste obtained from different buffers (Figure 7.2) are 
converted into acoustic impedance and presented in Figure 7.5. The data look fairly similar but 
are not exactly the same. As can also be observed from a close-up plot (upper left corner) in 
Figure 7.5, lower acoustic impedance buffers result in much less noisy ZP curves, and hence are 
most suitable for the early age setting and stiffening measurements of cement paste. It should be 
noted that the data converted from 304 SS was not plotted in Figure 7.5 since the data were far 
off scale. Initial setting times determined for various buffers are shown in Table 7.4.  
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Figure 7.5. The acoustic impedances of w/c 0.5 cement paste calculated using various buffers. 
Note that the data from 304 stainless steel are not presented because those data are off-scale. 
 
Table 7.4. Initial and final set times and statistical values for various buffers. 
Buffer Initial set (min.) Final set (min.) 
HIPS 228 327 
PMMA 218 337 
AS 207 351 
Glass 203 367 
SS 270 479 
Average, min. (without SS) 223 (214) 372 (346) 
Standard deviation, min. (without SS) 22.77 (11.28) 61.57 (17.39) 
Coefficient of variation, % (without SS) 10.20 (5.27) 16.54 (5.03) 
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By penetration resistance measurements, the final set of w/c 0.5 cement paste occurred at 
342 minutes (Figure 7.1 and Table 7.1). The corresponding S-wave UWR value of w/c 0.5 
cement paste at final set time varied approximately from 0.5 to 0.62. This range is roughly at the 
place where the slope of the reflection coefficient changes; rate was maximized at this reflection 
coefficient range and then the curve becomes flatter after this range. Hence, final set can be 
estimated from the rate of change of the S-wave reflection. The main purpose of utilizing this 
parameter is to provide a fundamental and objective method to calculate final set [30]. This 
approach is similar to the use of the maximum in the first derivative of temperature for the 
determination of final set in the semi-adiabatic calorimetry method. The assumption is based on 
the fact that the stiffening rate of the cement paste will slow down after completely solid 
microstructure has developed. Since final set is considered as a starting point of completely solid 
microstructure (starting point of strength development), and as such this approach was 
considered to be reasonable. 
The calculated rate of change values are noisy. To reduce the noise, the rates are smoothed 
by using an adjacent averaging method over a window of 12 minutes. This does not change the 
curve in any other way apart from reducing the noise. Figure 7.6 shows the smoothed rate of 
change of S-wave R for w/c 0.5 cement paste. The global minima on the smoothed ∆ோ
∆௧
 curve, 
which correspond to the final set by UWR, were recorded at around 310 to 340 minutes. The 
time recorded was very similar to the final set time (344 minutes) by penetration resistance for 
w/c 0.5 cement paste. Table 7.3 shows final set for the seven trials determined by minimum on 
the smoothed ∆ோ
∆௧
 curve and relevant statistical parameters. Final set value in the 3rd curve 
showed some variation from others because it showed disturbance in the period between initial 
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and final set, which led to a slightly earlier final set value. The coefficient of variation for final 
set is 3.13 % and 1.95 % with and without 3rd data. Both of these values are fairly low, and hence 
the results are reproducible. The variations in these final set times are likely associated with the 
small variations in temperature in the laboratory.  
 
Figure 7.6. The first derivative with respect to time of S-wave reflection response for several w/c 
0.5 cement pastes 
 
Smoothed ∆ோ
∆௧
  curves obtained from various buffers are presented in Figure 7.7, and 
recorded final set times are shown in Table 7.4. The recorded final set time values follow the 
order of ZB. The final set value from 304 SS was too much off-scale, thus causing significant 
variation in data. Again, the use of lower acoustic impedance buffers provides improved 
determination of final set time since the shallowness of the smoothed ∆ோ
∆௧
 curve for higher 
acoustic impedance buffers makes final set determination using this curve feature difficult and 
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more imprecise. 
 
Figure 7.7. The first derivative with respect to time of S-wave reflection coefficient from w/c 0.5 
cement paste for varying buffer type 
 
7.1.2.3. The effect of water to cement ratio 
Figure 7.8 shows the paste S-wave UWR values for w/c = 0.35, 0.4, 0.5, and 0.6. Table 7.5 
shows initial set values for the pastes as determined at ZP of 0.0911 MRayls. The differences of 
initial set for the w/c = 0.35 and w/c = 0.6 mixes, which gives the range of w/c values, is 62 
minutes. The standard deviation for repetitions is around 13.13 minutes. The differences between 
final set of w/c = 0.35, 0.4, 0.5, and 0.6 are 27, 16 and 19 minutes, respectively. Hence, UWR 
can distinguish between successive w/c ratios for initial set.  
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Figure 7.8. The ultrasonic S-wave reflection responses from cement pastes with varying w/c 
 
Figure 7.9. The first derivative with respect to time of ultrasonic S-wave reflections from cement 
pastes with varying w/c 
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Table 7.5. Initial and final set times for cement pastes with varying w/c 
w/c Initial Set (mins) Final Set (mins) 
0.35 185 250 
0.4 212 291 
0.5 228 327 
0.6 247 351 
 
Figure 7.9 shows the smoothed paste ∆ோ
∆௧
 curve values for w/c = 0.35, 0.4, 0.5, and 0.6. 
Table 7.5 shows final set values for the pastes as determined using the minimum on the curve. 
The differences of final set for the w/c = 0.35 and w/c = 0.6 mixes is 101 minutes. The standard 
deviation for repetitions is around 10.23 minutes. The differences between final set of w/c = 0.35, 
0.4, 0.5, and 0.6 are 41, 36 and 24 minutes, respectively. Hence, UWR can easily distinguish 
between all successive w/c ratios for final set time. 
It is shown that the amplitude of the minimum of the  ∆ோ
∆௧
 curve decreased as w/c 
increased. Since  ∆ோ
∆௧
 is affected by the slope of two adjacent points in the S-wave UWR curve, 
that smaller difference can be related to the slower hydration processes of cement paste. It is also 
shown that the w/c 0.6 cement paste showed an additional shallow peak prior to its final set time. 
This is most likely caused by noise content in the UWR measurements. The noise content may 
include any kind of vibration, slight changes in temperature, slight differences in relative 
humidity, etc. However, if a certain cement paste hydrates faster, the ∆ோ
∆௧
 curve develops clear 
minimum, so the noise content does not affect the result as much. 
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7.1.2.4. Relationship between water to cement ratio and setting time 
The relationship between water to cement ratio and setting times measured by both 
ultrasonic S-wave reflection (UWR) and penetration resistance (PR) is presented in Figure 7.10. 
The setting time measured by PR showed increase as water to cement ratio increases. The 
correlation was linear showing the coefficient of correlation (R2)of 96.9% and 98.4 % for initial 
and final set, respectively. The setting time measured by UWR increased as water to cement ratio 
increased, but the data showed less agreement with water to cement ratio compared to the PR, 
showing coefficient of correlation (R2) of 90.6% and 91.2% for initial and final set, respectively.  
 
Figure 7.10. The relationship between w/c and the setting times measured by UWR and 
penetration resistance 
 
7.1.2.5. Comparison of ultrasonic S-wave reflection and penetration resistance 
Based on the initial set and final set time of PR and UWR presented in Figure 7.10, the 
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relationship of set times measured by different methods is shown in Figure 7.11. According to 
Figure 7.11, the R2 value for initial set was 78.9%. The R2 value for final set was 84.7%. Both 
the R2 values are quite low, implying that the linear fit does not match both data well. In addition, 
the slopes of the lines are not equal to 1, which means that set time measurements by these 
methods are not the same.  
 
Figure 7.11. The comparison of setting times measured by ultrasonic S-wave reflection and 
penetration resistance. Note that the data points from the earlier setting time (left part of the data 
set) to later setting time (right part of the data set) corresponds to the increase in w/c of the 
cement paste: w/c 0.35, 0.4, 0.5, and 0.6, respectively. 
 
It is found that the set times by UWR were earlier at w/c 0.5 and 0.6. In low w/c ranges 
(0.35 and 0.4), the set times by PR were faster. Differences in setting times on various w/c 
cement paste were 62 minutes (initial set, 185 to 247) and 101 minutes (final set, 250 to 351) for 
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UWR whereas 177 minutes (initial set, 142 to 319) and 247 minutes (final set, 220 to 467) for 
PR. The penetration resistance test seems to be affected more by w/c ratio than UWR.  
7.1.3. Ultrasonic P-wave reflection on w/c 0.5 cement paste 
Figure 7.12 presents typical P- wave UWR curves of w/c 0.5 cement paste, when both 
contact type P- and S-waves transducers were attached at the bottom of the HIPS buffer using 
phenol salycilate couplant. In the P-wave response, an initial increase in the P-wave reflection 
coefficient was observed during the first 20 minutes. It is likely that cement segregation has 
caused this increase [17]. After this initial decrease, the P-wave reflection coefficient showed a 
plateau for about 200 minutes, and slightly started to increase. At about 300 to 350 minutes, P-
wave reflection coefficient started to rapidly decrease and increase. The rapid changes in P-wave 
reflection varied case to case, but the maximum reflection was observed at approximately 0.7. 
The rapid decrease and increase in p-wave reflection coefficient seems to be associated with a 
partial debonding that occurs at the buffer-cement paste interface; complete debonding would 
show a reflection coefficient of 1. The decrease and increase around the debonding point may be 
associated with inversion response that occurs during the debonding. The degree of partial 
debonding also varied, but cement paste followed expected trend line once after recovering from 
partial debonding. This behavior is presented in Figure 7.13.  
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Figure 7.12. Multiple ultrasonic P-wave reflection responses for w/c 0.5 cement paste. Note that 
transducers were attached at the bottom. 
 
Figure 7.13. Ultrasonic P-wave reflection responses from w/c 0.5 cement paste for varying buffer 
type. Note that transducers were attached at the bottom. 
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According to Figure 7.13, the cement paste measured using HIPS and glass buffer showed 
partial debonding, but cement paste measured using PMMA and 304 stainless steel did not show 
it. The reason for such discrepancy is unclear, but may be associated with material surface 
polarity (for PMMA) and material surface roughness (for 304 stainless steel). All the other buffer 
materials, except HIPS, showed decrease in wave reflection coefficient. PMMA showed 
inversion, where the P-wave acoustic impedance of cement paste exceeds that of buffer, at about 
600 minutes, but glass and stainless steel never showed inversion. This indicates that glass and 
stainless steel are always acoustically harder than hydrating cement paste. Cement paste 
measured in HIPS buffer shows continuous increase in P-wave reflection coefficient. This 
indicates that the p-wave acoustic impedance of HIPS buffer is always lower than that of cement 
paste. From these results, it is recognized that the P-wave acoustic impedance of cement paste is 
in between 2.3 to 3.2 MRayls. Since the reflection coefficient measured by PMMA and HIPS are 
almost the same (at around 0.13), the p-wave acoustic impedance of w/c 0.5 cement paste is 
likely to be in the middle of this range, which is around 2.7-2.8 MRayls.  
7.1.4. Temperature rise in the specimen 
The temperature rise of w/c 0.5 cement paste during UWR measurement is presented in 
Figure 7.14. The measured temperature in this experiment increases due to exothermic hydration 
reactions and then decreases due to heat loss to the environment. First of all, the initial 
temperature of the cement paste when it was poured into the UWR testing container was about 
24.5 °C (76 °F). The temperature decreased from this value until 150 minutes. During this period, 
the cement paste was in the induction period, so it approached the room temperature 
(approximately 20 °C, 68 °F). At 150 minutes, the temperature started to rise again, indicating 
the onset of hydration. It is often considered that the onset of hydration marks initial set, 
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although the onset of hydration probably rather coincides with the onset of stiffening. However, 
the simultaneous cooling probably delayed somewhat the temperature rise due to hydration. In 
addition, an increase in slope is observed at about 500 minutes, but this response is not observed 
with S-wave UWR.  
Ultrasonic wave reflection coefficients using polymeric buffer materials such as HIPS may 
be susceptible to the temperature changes. The temperature rise during the UWR measurement 
may change acoustic impedance of the HIPS and thus affect the wave reflection response. In this 
work, the temperature rise during the measurement (4 °C, 7 °F) was considered to be negligible, 
but compensation for temperature may need to be performed when temperature rises significantly. 
The discussion on the temperature rise and its effect on the acoustic impedance are presented in 
appendix B. 
 
Figure 7.14. Temperature change of w/c 0.5 cement paste obtained during UWR measurement. 
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7.1.5. Effect of room temperature  
Figure 7.15 presents typical S-wave UWR curves of various w/c cement paste, when both 
P- and S-waves are measured simultaneously at the bottom of the HIPS buffer. It should be noted 
that the cement paste with w/c 0.45 and 0.55 were done at different period, and it was noted that 
the temperature in the testing laboratory for w/c 0.45 and 0.55 was approximately 2ºC lower. The 
inversion of the curve, the point where the shear wave acoustic impedance of cement paste 
exceeds that of the HIPS buffer, occurred earlier when w/c was lower, but the cement paste with 
w/c 0.55 showed slightly slower time of inversion than w/c 0.6 cement paste. The cement paste 
with w/c 0.45 also showed no clear difference from w/c 0.5 cement paste. These results are most 
likely associated with the temperature difference in the testing laboratory. Considering that the 
same cement was used, the difference of the 2ºC seems to affect the ultrasonic S-wave reflection 
results quite a bit. 
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Figure 7.15. Ultrasonic S-wave reflection responses from cement paste with varying w/c. Note 
that the w/c 0.45 and 0.55 samples were measured at a temperature approximately 2ºC lower 
than the others. Transducer was attached at the bottom. 
 
7.2. Results for abnormal cements (premature stiffening) 
7.2.1. Unhydrated cements 
The XRD patterns of SAM extracted three commercial cements are presented in Figure 
7.16. The 2θ angle from 29 to 37 degree was expanded and is represented at the upper right 
corner of Figure 7.16. According to the expanded plot in Figure 7.16, all the cement seems to 
contain both orthorhombic and cubic type C3A. The orthorhombic C3A can be recognized by the 
small peak at 32.8 degree, but cement 3 showed the strongest peak developed at this diffraction 
angle.  
Cement 1 contains two types of calcium sulfate, both hemihydrate (CaSO4·0.5H2O), and 
105 
 
gypsum (CaSO4·2H2O). This cement also contains both calcite and periclase. Cement 2 contains 
three types of calcium sulfates, gypsum, hemihydrate, and anhydrite. Cement 2 does not contain 
any calcite, periclase, or alkali sulfate. The phase composition of cement 3 is very similar to that 
of cement 1. However, cement 3 only showed calcium sulfate hemihydrate (CaSO4·0.5H2O) 
peaks. Because of the presence of hemihydrate in the cements, cements 1, 2, and 3 have high 
possibility of showing false set. 
 
Figure 7.16.  X-ray diffraction patterns of three commercial cements – salicylic acid/methanol 
(SAM) extracted. Note that the rectangular area defined by the dashed line is represented at the 
upper right corner of this plot. Also note that the units of the y-axis (X-ray intensity) are counts 
per seconds (cps), where each tick represents 200 cps. 
 
The hemihydrate peak was observed at 14.7º 2θ angle. It should be noted that it is very 
difficult to identify hemihydrate peak without SAM extraction because one of the C3S peaks is 
106 
 
also located at very similar diffraction angle. For further analysis on the hydrated cement paste, 
the peak intensity of hemihydrate was not considered significant since these cement pastes used 
for hydration studies were not SAM extracted. 
7.2.2. Hydrated cements 
XRD pattern of cement 1 hydrated for 5 minutes was presented in Figure 7.17. This is done 
to observe the secondary gypsum formation. After mix (5 minutes), there is almost no decrease at 
the intensities of C3S and C3A. Some ettringite has also formed due to early C3A hydration. The 
intensity of the gypsum peak increased indicating some of the hemihydrate was recrystallized. 
This is an evidence of secondary gypsum formation. It should be noted that the strong premature 
stiffening was observed during mixing with moderate heat evolution.  
XRD pattern of cement 2 hydrated for 5 minutes was presented in Figure 7.18. Almost no 
decrease in the intensities of C3S and C3A was observed. Ettringite was formed, and gypsum 
intensity increased. This is also an evidence of secondary gypsum formation. However, unlike 
the case of cement 1, premature stiffening was not observed during mixing although moderate 
amount of heat was generated. The mixture was much flowable compare to cement 1 and 3, 
having no difficulty in pouring the paste.  
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Figure 7.17. XRD patterns of unhydrated and hydrated cement 1. Note that each tick on the y-
axis represents 200 cps. 
 
Figure 7.18. XRD patterns of unhydrated and hydrated cement 2. Note that each tick on they-axis 
represents 200 cps. 
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XRD pattern of cement 3 hydrated for 5 minutes was not so much different from the case 
of cement 1. As presented in Figure 7.19, no significant decrease in the amount of C3S and C3A 
was observed. Gypsum peak developed due to the secondary gypsum formation. When cement 
paste was mixed, cement 3 also showed quite strong stiffening during mixing generating 
moderate level of heat (which can be felt by hand).  
 
Figure 7.19. XRD patterns of unhydrated and hydrated cement 3. Note that each tick on they-axis 
represents 200 cps. 
 
According to the visual observation, the cement 1 was most stiff, cement 3 was almost as 
stiff as cement 1 but a bit less, and cement 2 was most flowable. The cement 1 and 3 showed 
clear indication of premature stiffening that the paste did not flow when the mixing container 
was overturned (upside down). The paste is effectively resisting against the force of gravity, 
which is well presented in Figure 7.20. Although cement 2 did not show such strong stiffening, it 
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was stiffer than the base cement (cement L), which is used for setting time measurement. The 
difference between cement 2 and L can be attributed to the secondary gypsum formation 
although the properties of these cements are quite different. 
 
Figure 7.20. Photographic image of cement paste that exhibits premature stiffening. Photo taken 
5 minutes after mixing. 
 
7.2.3. Penetration resistance 
The penetration resistance data of commercial cement paste 1, 2, and 3 are shown in Figure 
7.21. The penetration resistance of unheated base cement (cement L) is also presented in Figure 
7.21. The overall penetration resistance data indicate that cement 2 showed the fastest stiffening. 
The cement 3, cement L, and cement 1 were ranked successively. Among three commercial 
cements, the overall rank does not follow the visual observation (premature stiffening) from the 
previous section.  
To examine the differences in penetration resistance at early age, the data between 60 and 
240 min were expanded and presented in the upper left corner of Figure 7.21. It was found that 
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the 60 min penetration resistance was the highest with the cement 1. The cement 1 showed 
penetration resistance of 0.094 MPa, the cement 3 showed 0.028 MPa, the cement 2 showed 
0.016 MPa, and the cement L showed 0.002 MPa. This ranking is following exactly what was 
observed visually, but the difference between cement 2 to 3 is only 0.012 MPa. The differences 
in penetration resistance between normal cement and cement showing premature stiffening is 
rather weakly identified by penetration resistance method. The biggest difference was found to 
be in between cement 1 and b, which is 0.092 MPa.  
 
Figure 7.21. Penetration resistance of various cements. Note that cements 1 and 3 show 
premature stiffening 
 
7.2.4. Ultrasonic wave reflection 
The ultrasonic S-wave reflection data of the three commercial cements are presented in 
Figure 7.22. The ultrasonic S-wave reflection data of base cement (cement L) is also presented in 
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order to compare the UWR responses of cement which does not show premature stiffening. 
Cement L showed an initial decrease in the reflection coefficient during first 20 minutes. This is 
attributed to the formation of the particle to particle contact in the cement paste, which was lost 
during pouring action. The onset of stiffening of cement paste L occurred at about 120 minutes, 
and further stiffening was progressed as the hydration process starts. For cement L, the inversion, 
where the S-wave acoustic impedance of cement paste exceeds that of HIPS buffer, occurred at 
about 550 min. 
 
Figure 7.22. Ultrasonic wave reflection responses from various cement pastes. Note that cements 
1 and 3 show premature stiffening 
 
The cement 2 showed a similar trend with cement L, but stiffening occurred much faster. 
The onset of stiffening for cement 2 started at about 90 min. The inversion also occurred earlier 
at about 400 min. This faster stiffening correlates very well with the observation from 
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penetration resistance measurements. In addition, the lower reflection coefficient of cement paste 
2 during first 90 minutes explains that the cement paste 2 is stiffer than cement paste L since 
stiffer mixture allows less ultrasonic waves reflected at the buffer-cement paste interface. This 
result is also well correlated to the visual observation mentioned in the previous section. 
The cement 1 and 3 showed abrupt drop in S-wave reflection coefficient during first 10 
minutes. The rapid drop in reflection coefficient was about 0.88, and seemed to be associated 
with the premature stiffening. The cement 1 and 3 showed very similar S-wave UWR response. 
The cement 2 showed the smaller reflection coefficient than cement 1 and 3 after 330 min.  
In order to determine that this rapid drop in S-wave reflection coefficient is associated with 
the false set, the heated cements were blended with 2% and 4% reagent grade hemihydrates, and 
ultrasonic S-wave reflection was measured on these cement pastes. The results are presented in 
Figure 7.23. As shown in Figure 7.23, all the heated cement showed rapid drop during first 20 
minutes. The degree of rapid drop was determined by the amount of hemihydrate in the mixture. 
The S-wave reflection coefficient of heated cement dropped to 0.9. With 2% hemihydrate, the 
reflection coefficient dropped to 0.88. With 4% hemihydrate, the reflection coefficient dropped 
to 0.8. Since the amount of hemihydrate can be related to the degree of premature stiffening, the 
rapid drop was found to be associated with the premature stiffening.  
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Figure 7.23. Ultrasonic wave reflection responses of cements that exhibit premature stiffening. 
Note that hemihydrate was added to increase the level of false set. 
 
7.3. Discussion 
7.3.1. Comparison between ultrasonic S-wave reflection and penetration resistance 
Based on the initial set and final set time of PR and UWR presented in Figure 7.10, the 
relationship of set times measured by different methods is shown in Figure 7.11. According to 
Figure 7.11, the correlation factor (R2) for initial set was 78.9%. The correlation factor (R2) for 
final set was 84.7%. Both the R2 were quite low, which implies that the linear fit does not match 
both data well. In addition, and more importantly, the slopes of the lines are not equal to 1, which 
means that set time measurements by these methods are not the same. 
It is found that the set times by UWR were the similar to those by PR at w/c 0.5 and earlier 
at w/c 0.6. In low w/c ranges (0.35 and 0.4), the set times by PR occurred earlier. Differences in 
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setting times on various w/c cement paste were 62 minutes (initial set, 185 to 247) and 101 
minutes (final set, 250 to 351) for UWR and 177 minutes (initial set, 142 to 319) and 247 
minutes (final set, 220 to 467) for PR. It appears from Figure 7.10 that penetration resistance is 
affected more strongly than UWR by w/c ratio.  
As already mentioned, the differences in the results are associated with the different testing 
mechanisms of UWR and PR. The UWR mechanism is fundamentally affected by the 
characteristic of S-wave. The S-wave propagates through the medium by shearing, so that the 
motion of stress is perpendicular to the direction of wave propagation. The S-wave energy will 
not transmit when there is no solid connection to provide shear resistance. That is, S-waves 
require acoustically solid material for propagation and does not propagate in fluids. The 
development of measurable acoustic impedance is only as a result of cement paste hydration. The 
growth of hydration product increases the cross-linking of cement particles, and therefore 
becomes acoustically harder, resulting in the decrease in S-wave reflection.  
The major difference of UWR from penetration resistance is that this test procedure is 
nondestructive and not affected by the presence of aggregate. From Chapter 6, S-wave is shown 
to be only sensitive to the particle to particle contact. It was also shown in Chapter 6 that the 
presence of large sized particles did not affect the S-wave reflection. The penetration resistance 
test destroys the microstructure at the time of penetration, and affects the microstructure of 
cement paste surrounding it. In addition, as shown from Figure 7.10, the penetration resistance 
test is affected more by w/c ratio than UWR. With lower w/c cement paste, penetration resistance 
showed earlier setting times than UWR. The difference decreases as w/c increases. At about w/c 
0.5, the UWR started to show faster setting time than penetration resistance: initial set is the 
same because UWR initial set was determined following PR initial set, but the final set was 
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slightly earlier.  
The difference seems to be associated with the amount of solid content and the differences 
in testing mechanism. When the w/c is low, the solid content provides enough resistance for the 
initial set (similar to the presence of aggregate) although its microstructure is not completely 
developed to represent the condition of initial set. In addition, although the penetrating action of 
needle is strong enough to break the microstructure of cement paste, the distance between 
cement particles is so small that particle to particle contact is recovered quickly. However, when 
the w/c is high, the distance between cement particles is much larger. Therefore, higher w/c 
cement paste requires more hydration to achieve three-dimensional percolation and increases the 
setting times, as shown from the modeling work by Bentz [72]. If the microstructure of high w/c 
cement paste is broken, the recovery of three-dimensional percolation takes more time. Therefore, 
the paste is not able to catch up with the microstructural development of undamaged cement 
paste, resulting in the differences in the setting times. The key point is that S-wave UWR 
depends on percolation of solids, which is generally regarded as the fundamental definition of set, 
while penetration resistance does not. 
The difference between these two test methods should be well understood in order to better 
utilize them. The relatively poor correlation of the setting times measured by both methods is 
also explained by such differences. However, it is believed that UWR can more accurately 
monitor the condition of in-situ concrete because UWR measurements can be done directly on 
the concrete by placing transducer on the formwork, and because in-situ concrete is not going to 
be damaged after it is placed into a mold. In addition, UWR measurement can presumably be 
done with the presence of aggregate, so additional labor such as sieving for penetration 
resistance measurement is not required.  
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7.3.2. Criterion for initial set 
It has been known that the initial set is the time at which solid properties in cement paste or 
concrete start to be exhibited. Considering this concept, the onset of stiffening, the starting point 
of solid microstructure development, is more close to theoretical indication of initial set than the 
practically presented one. As discussed previously, the initial set time criterion is very arbitrary.  
The onset of stiffening can be used for the indication of initial set, but it was found to have 
potential problems - it is buffer dependant and is also somewhat arbitrarily determined. As shown 
from Figure 7.2, the w/c 0.5 cement paste showed some differences in the onset of stiffening, 
depending on buffer used. The onset of stiffening time increased with increasing ZB, which is in 
the order of HIPS, PMMA, AS and glass, and 304 SS. HIPS and PMMA showed onset of 
stiffening at about 120 minutes, aluminosilicate and glass showed onset of stiffening at about 160 
minutes, and 304 stainless steel showed onset of stiffening at about 240 minutes. However, the 
different w/c cement paste (Figure 7.8) did not show as large variation in the onset of stiffening. 
Lower w/c cement paste tends to show lower reflection, but all the cement paste showed the 
onset of stiffening at about the same time (120 minutes). The differences in the onset of 
stiffening are more dependent on the choice of buffer rather than w/c. One interesting finding is 
that the 240 minute value with 304 SS buffer coincidently corresponds to the measured initial set 
of w/c 0.5 cement paste, which is 228 minutes. This is probably the reason why the work done by 
Rapoport et al. [47], using steel buffer, determined this time as the end of induction period in the 
reflection curve, which was used as an indication of initial set. Although the onset of stiffening 
may be still used for the indication of solid microstructure development, it should be noted that 
the determination of such point is arbitrary and the sensitivity of buffer should be considered for 
the interpretation of the data. 
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Much rheological research experimental results show that plain paste presents a three-
dimensional percolated structure from a very early age. UWR with HIPS buffer seems to pick up 
such changes in the microstructure. However, set is always recognized to occur when some 
hydration has taken place to develop some level of strength in the percolated microstructure. 
Some level of stress has been applied to characterize the set, a reason for utilizing the destructive 
test method. Therefore, it is probably not feasible to have a purely microstructural criterion for 
initial set that is independent of the strength of the percolated network. For these reasons, the 
authors suggested using a fixed acoustic impedance values for initial set (0.0911 MRayls) 
corresponding to the penetration resistance of w/c 0.5 cement paste. The value 0.09 MRayls can 
be used instead to solely provide more rational number, which is reasonable considering that the 
initial set criterion for penetration resistance is also arbitrary determined. Although the initial set 
criterion for UWR is arbitrarily determined based on the penetration resistance, it certainly has 
some practical implication. 
The buffer also affects the determination of initial set because lower acoustic impedance 
buffers are more sensitive to small changes in the cement paste, so they produce lower values of 
reflection (Figure 7.2) and less noisier ZP values (Figure 7.5). The buffer affects the quality of the 
data although it does not actually affect the hydration of cement paste. This effect is illustrated 
by considering the sensitivity of equation 2.11 to small changes in reflection for different buffers 
at a randomly chosen time of 300 minutes. The reflection with HIPS was 0.680 and the reflection 
with 304 SS was 0.988. When reflection is decreased by 2%, the corresponding changes in ZP are 
5% change for HIPS and 171% for 304 SS. In general, as the acoustic impedance of buffer 
increases, the determination of cement paste acoustic impedance becomes more and more 
imprecise. This can also explain why the setting time was recorded differently for different buffer 
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materials. Considering these effects, the use of lower acoustic impedance buffers is strongly 
recommended for determining the setting time.  
7.3.3. Criterion for final set 
In order to be consistent with the initial set criterion, the final set criterion could also be 
determined based on some level of strength. However, the use of the inflection point in dR/dt 
curve is preferable. The inflection certainly indicates some changes in kinetic mechanism in the 
hydration of cement paste. It can be associated with the change from depositing hydration 
product at point contacts to depositing hydration product in interstitial regions. It may also reflect 
the inflection point observed using calorimetry, which is generally attributed to the conversion 
from chemical (dissolution) to diffusion control. However, the most important point is that this 
method is a reproducible and convenient criterion, unambiguous and easy to assess. 
7.3.4. Sensitivity of ultrasonic S-wave measurements 
According to the data presented in Figure 7.10, the correlation factors (R2) of UWR setting 
time as a function of w/c were 90.6% and 91.2% for initial and final set, respectively. The 
correlation factors were lower than what was measured by penetration resistance (96.9% and 
98.4%, respectively). The lower correlation of ultrasonic S-wave reflection may indicate the less 
accuracy in the measurements, but it is more likely that the lower correlation is a result of higher 
sensitivity to smaller changes.  
It was observed during the experiments that approximately 2 ºC difference (21 ºC and 23 
ºC) in the laboratory temperature changed the wave reflection response notably. The lower 
environmental temperature induces slower stiffening and setting. The moisture condition of the 
laboratory also affects the measurement. More importantly, the shear history affects the data 
reproducibility. Because of the shear history, equal mixing procedure had to be always applied 
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during the ultrasonic measurements, preventing me from using hand mixing. In addition, 
segregation at higher w/c ratios affects the UWR response more than penetration resistance. 
Segregation causes a relatively denser layer to be formed at the bottom, which reflects as the 
paste showing an earlier setting time, which causes the observed relationship with the setting 
times from UWR to be non-linear. 
7.3.5. Premature stiffening 
Gypsum is known to exhibit needle-like crystal morphology. When hemihydrate is 
dissolved into the solution, it will reach the maximum level of SO3 concentration, and start to 
precipitate combined with calcium ions and water available. This is generally known as 
secondary gypsum formation. This phenomenon will cause premature stiffening of the cement 
paste at the time of mixing, and it occurs because needle-like gypsum crystals effectively bridge 
cement particles. It was found from my earlier work [1] that the cement paste with secondary 
gypsum formation showed faster stiffening at early hydration period than the cement paste 
without secondary gypsum formation.  
From the results provided in this work, it is recognized that cement 1, 3, and all series of 
heated cement L showed premature stiffening associated with the secondary gypsum formation, 
except for cement 2. It is not clear why cement 2 did not show premature stiffening, because 
cement 2 also showed secondary gypsum formation. According to the XRD analysis, cements 1, 
2, and 3 contain both more reactive (cubic) and less reactive (orthorhombic) C3A. The presence 
of two different C3A phases is expected to cause difficulty in controlling the balance between 
C3A and sulfate to prevent premature stiffening. In the case of cement 1 and 3, it seems that 
sulfate is overly supplied. In case of cement 2, it is possible to speculate that using hemihydrate 
to control reactivity of C3A seemed to be quite successful although the cement 2 was stiffer than 
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the base cement. 
The premature stiffening observed in this research was quite unexpected considering the 
w/c used in the experiments, which is 0.5. The premature stiffening is usually not expected to 
occur in such a high w/c cement paste. Strong premature stiffening with w/c 0.4 cement paste has 
been observed when ground clinker paste without gypsum (causing AFm formation) was mixed 
with water, and with 2% K2SO4 added to cement paste (causing syngenite formation) [1]. 
However, such strong premature stiffening has not been observed with secondary gypsum 
formation [1]. 
Considering the x-ray intensities of gypsum peaks from cements 1, 2, and 3 after 5 minutes 
of hydration, the gypsum peak of cement 1 increased from 83 to 240 (157), cement 2 increased 
from 93 to 240 (147), and cement 3 increased from 62 to 152 (90). Although it is just a relative 
indication, it is usually expected that the higher XRD peak intensity indicates larger amount of 
gypsum. However, the results did not show any correlation to the premature stiffening. It was 
found that the amount of gypsum produced during mixing is not the single factor affecting the 
degree of premature stiffening. Several other factors should be also considered such as: 1) where 
the recrystallized gypsum is formed (location), 2) how recrystallized gypsum bridges (or 
interacts with) cement particles, and 3) how the morphology of recrystallzed gypsum looks 
(aspect ratio, etc.). The morphology of gypsum can be altered by space availability for crystal 
growth. It may be affected by other hydration constituents such as C-S-H barrier around the 
calcium silicate particles or ettringite barriers near C3A particles.  
Previous research efforts demonstrate that the cement with low alkali sulfate showed faster 
stiffening up to final set with penetration resistance when it is heated at 150 ºC for 2 days [1]. 
This was associated with secondary gypsum formation. The base cement L used in this 
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experiment is from the same company and plant. Although the chemical composition of cement 
may have slightly changed, it was assumed that there was not much change in the composition to 
significantly affect hydration kinetics. Therefore, the cement L is expected to present secondary 
gypsum formation when it is heated at 150 ºC. From the results provided here, the secondary 
gypsum formation occurred and caused premature stiffening.    
7.4. Conclusions 
Based on the results presented in this chapter, the following conclusions are drawn: 
1) A reasonable criterion for initial set of cement paste using the S-wave UWR response 
with HIPS buffer is the time at which the acoustic impedance reduces to a value of 0.9 
MRayls.  
2) A reasonable criterion for final set of cement paste using S-wave UWR response with 
HIPS buffer is the time at which the derivative of the response with respect to time 
reaches its global minimum value.  
3) The choice of buffer material affects the sensitivity of UWR measurements. For more 
sensitive measurements during the early setting and stiffening processes of cement 
paste, the use of a HIPS buffer is recommended. 
4) The setting time obtained from penetration resistance and ultrasonic shear wave 
reflection did not show strong agreement. This is mainly due to the differences in the 
testing mechanisms.  
5) The penetration resistance is not as sensitive as S-wave UWR for determining 
premature stiffening, since the penetration resistance of  normal cement paste were 
not significantly different from cement paste that exhibits premature stiffening. 
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6) UWR measurements effectively demonstrate the condition of cement paste. Premature 
stiffening can be identified by a rapid drop in S-wave UWR response, suggesting that 
UWR measurements can be used for such application.  
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8. NEW APPLICATIONS FOR P-WAVE UWR 
Ultrasonic wave reflection (UWR) has been used to study stiffening and strength 
development of cement based materials. In most of the research, ultrasonic S-wave reflection 
was used due to its sensitivity for microstructural development; however it is also possible to use 
ultrasonic P-wave reflection to investigate the properties of cement based material.  
P-wave UWR can be used for various other research fields. As already presented in 
Chapter 5, changes in the P-wave reflection coefficient are related to the density of test material. 
The density of cement paste mainly depends on the water to cement ratio (cement: 3.15 g/cm3 
and water: 1 g/cm3). Therefore, the changes in water to cement ratio may be determined using 
ultrasonic P-wave reflection.  
The objective of the work presented in this chapter is to suggest the possible use of 
ultrasonic P-wave reflection for characterizing the various properties of cement paste. The 
effectiveness of ultrasonic P-wave reflection for determining water to cement ratio of cement 
paste is discussed in this research. The effect of ultrasonic waves on the cement paste 
microstructure is also observed. Various buffer materials (HIPS, PMMA, Glass, and 304 
Stainless Steel) were used, but mainly HIPS was employed as a buffer to increase the sensitivity 
of the ultrasonic P-wave reflection measurements, especially for the water to cement ratio 
measurements. 
8.1. Results  
8.1.1. Ultrasonic P-wave reflection with various w/c cement paste 
The ultrasonic P-wave reflection data are presented in Figure 8.1. It is interesting that the 
starting P-wave reflection coefficient differs depending on w/c. The lower w/c cement paste 
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showed higher P-wave reflection coefficient, and it decreases with increasing water to cement 
ratio. Partial debonding between the buffer and test sample appears to occur at some point for 
w/c ratio of 0.5 of less, but not observed with w/c 0.55 and 0.6 cement paste.  
 
Figure 8.1. Ultrasonic P-wave reflection responses of various cement pastes with varying w/c. 
Note that the w/c 0.45 and 0.55 specimens were measured at the temperature approximately 2ºC 
lower than the others.  Transducers were attached at the bottom. 
 
Once the cement paste microstructure was stabilized, the ultrasonic P-wave reflection was 
measured and the effect of water to cement ratio on the ultrasonic P-wave reflection coefficient is 
evaluated. From Figure 8.1, the various w/c cement paste seems to stabilize their microstructure 
approximately about 30 minutes after mixing, so ultrasonic P-wave reflection coefficients were 
recorded at 30 minutes. The results are presented in Figure 8.2, where the correlation factor for 
the fit line for between P-wave reflection coefficient and water to cement ratio data was 95.7%. 
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Considering the two w/c cement pastes (w/c 0.45 and 0.55) were done with slightly lower 
temperature, this agreement found to be promising for the prediction of water to cement ratio.   
 
Figure 8.2. The relationship between w/c and ultrasonic P-wave reflection coefficient at 30 
minutes. 
 
8.1.2. Material segregation and its effect on ultrasonic P-wave reflection 
As shown in Figure 8.1, two higher w/c ratio cement paste (w/c 0.55 and 0.6) did not 
present partial debonding responses. This response is most likely caused by the difference in 
autogenous shrinkage, which is greater at lower w/c [73], but it seems to be also associated with 
the segregation of cement particles. The cement paste is more densely packed at the buffer 
interface, which can increase the efficiency of P-wave transmission. In order to artificially create 
this situation, 0.3% superplasticizer (solid content) was added for w/c 0.5 cement paste to see the 
effect of segregation in P-wave reflection measurement.  
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Figure 8.3. The ultrasonic P-wave response of cement paste with and without 0.3% 
superplasticizer addition. Transducers were attached at the bottom. 
 
As shown from Figure 8.3, the cement paste with 0.3% superplasticizer showed higher 
reflection coefficient at the beginning. As expected, the segregation somehow enhanced the 
efficiency of P-wave energy transmission by increasing the area of particle contact at the buffer-
cement paste interface, resulting in the localized increase in acoustic impedance. For this reason, 
ultrasonic P-wave reflection coefficient increased with the addition of superplasticizer. This 
result not only suggests that the use of superplasticizer can make P-wave reflection 
measurements more complicated (especially for the estimation of w/c), but also suggests that the 
condition of cement paste (perhaps the degree of segregation) at various locations can be also 
evaluated using multiple numbers of transducers. 
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8.1.3. The effect of ultrasonic waves on the cement paste microstructure 
The Figure 8.4 presents the P-wave reflection results of w/c 0.5 cement paste with using a 
bottom and side mount P-wave transducers. As shown in Figure 8.4, w/c 0.5 cement paste did not 
show any partial debonding from bottom mount transducer.  
 
Figure 8.4. Repeated ultrasonic P-wave responses for w/c 0.5 cement paste. Note that two P-
wave transducers were used:one at the side and the other at the bottom. Also note that the dashed 
lines indicates the data from side mount transducer. 
 
This result is completely different from what was observed previously. The only difference 
in the testing condition between these two test series are that the previous data (Figures 7.12, 
7.13, and 8.1) were measured with both P- and S-wave bottom mount transducers and this data 
(Figure 8.4) were measured with two P-wave transducers, one at the bottom and the other at the 
side. Although it is not presented here, the use of two P-wave transducers at the bottom did not 
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also show any partial debonding. It is not certain why w/c 0.5 cement paste does not showed 
partial debonding with two P-wave transducers. However, it is quite evident that the application 
of S-wave somehow facilitates the partial debonding condition at the buffer-cement paste 
interface.  
In order to investigate whether the partial debonding with the bottom mount P-wave 
transducer is caused by autogenous shrinkage or by the application of S-waves, a 0.35 w/c 
cement paste were tested using two P-wave transducers, assuming that such a low w/c (0.35) 
cement paste will always present the autogenous shrinkage. The results are shown in Figure 8.5. 
The starting P-wave reflection coefficient was higher with bottom transducer. This response is 
expected since bottom of cement paste is presumed to be more densified (due to gravity, slight 
amount of segregation always occurs.) than the side. Both P-wave curves started to show 
decrease at the similar time period. The bottom mount P-wave curve showed the first decrease at 
about 220 minutes, and the side mount P-wave curve showed the first decrease at around 250 
minutes. The one difference is that the decreasing rate of data from bottom mount transducer is 
slower than that from side mount transducer. The other difference is that the bottom mount 
transducer (when without measuring S-wave together) did not show a clear upper peak like side 
mount transducer. However, but both data eventually merged together at about 600 minutes. 
Considering these findings, it is concluded that the partial debonding with bottom mount 
transducer is associated with the autogenous shrinkage, but facilitated with the application of S-
waves.  
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Figure 8.5. Ultrasonic P-wave response of w/c 0.35 cement paste. Two P-wave transducers were 
used:one at the side and the other at the bottom. 
 
Figure 8.6 and 8.7 show the photographic images of buffer-cement paste interface. The 
images were taken from the buffers (HIPS and glass) which showed partial debonding response 
in Figure 7.13. From Figure 8.6 with HIPS buffer, it was clear that the location of S-wave 
transducer shows the cement deposit. The deposit seems to be associated with the applied S-
wave energy during measurement, but no clear clue was found. The presence of cement deposits 
can be a reason why such partial debonding response was not observed with S-wave UWR.  
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Figure 8.6. The photographic image of HIPS container after an ultrasonic wave reflection 
measurement. The left part of the container shows the cement deposits (shape of round 
transducer with grey color), and it is the location for S-wave transducer.  
 
 
Figure 8.7. The photographic image of cement paste through glass buffer after ultrasonic wave 
reflection measurement. The left part of the container is the location for S-wave transducer, and 
the right part of the container (dark area) is the location for P-wave transducer.  
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It is also found from Figure 8.7 that the both P- and S-wave locations were clearly 
identified. The weaker grey area (on the left of the image) is associated with S-wave transducer, 
and darker black area (on the right of the image) is associated with P-wave transducer. The 
location for P-wave transducer looks that the area has more water content (considering that drier 
cement paste shows lighter grey color), and this can be the reason for partial debonding during 
ultrasonic measurements. From the images presented in Figures 8.6 and 8.7, it is at least clear 
that the application of ultrasonic wave is affecting the cement paste microstructure.  
8.2. Discussion 
8.2.1. Determination of w/c 
As shown from the results, it was found that w/c in neat cement paste can be estimated 
using ultrasonic P-wave reflection. However, it should be noted that the UWR measurement is 
highly localized. As also mentioned, segregation can affect the measurement and therefore the 
effect of segregation should be considered while performing the w/c measurements.  
Considering the traditional wave reflection theory given in equation (2.11), the increase in 
the P-wave reflection coefficient can be only explained by increase in the difference (Z2 - Z1) 
between P-wave acoustic impedances of hydrating cement paste (Z2) and HIPS buffer (Z1). The 
acoustic impedance is the product of density and wave velocity. Since the density of cement 
paste mainly depends on the water to cement ratio (cement: 3.15 g/cm3 and water: 1 g/cm3), 
lower w/c increases acoustic impedance of cement paste at buffer-specimen interface by 
increasing its density. As a consequence, the differences in acoustic impedances (Z2 - Z1) will 
increase as w/c decreases. If the P-wave reflection coefficient of hydrating cement paste is lower 
than that of buffer, the difference (Z2 - Z1) is decreasing with increasing Z2, which is expected to 
see with PMMA buffer.  
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8.2.2. Partial debonding  
It is not certain how the cement paste that show partial debonding recover P-wave 
reflection response in the long term response, as shown in Figure 7.13. The recovery may be 
associated with calcium hydroxide deposition at the partially debonded area, but this hypothesis 
is not confirmed.  
 
Table 8.1. Comparison between the onset of partial debonding and final set. Note that the left 
value without parenthesis is the time that the partial debonding occurs and the value in 
parenthesis is the time of first minimum point after the onset of partial debonding.  
w/c Onset of partial debonding (min.) Final Set (min.) 
0.35 238 (251) 250 
0.4 259 (276) 291 
0.5 311 (343) 327 
0.6 - 351 
 
According to the data presented, w/c 0.5 is a threshold point below which partial 
debonding occurs. It should be noted that the time of occurrence of partial debonding 
corresponds pretty well to the final set time measured by ultrasonic S-wave reflection. The onset 
time for partial debonding and final set time by S-wave UWR are presented in Table 8.1. It 
should be noted that the onset time for partial debonding is roughly and visually measured using 
the starting point of first decreasing point in P-wave reflection. The first minimum value after the 
onset of partial debonding is also presented in Table 8.1. From the results presented in Table 8.1, 
it is seen that the time for the onset of partial debonding correlates well with the final set 
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measured by S-wave UWR.  
It should be considered that the amount of applied ultrasonic wave energy may affect the 
partial debonding phenomenon. However in this research the effect of ultrasonic wave energy on 
the cement paste microstructure was not investigated specifically. A more systematic research 
approach, with regard to incident ultrasonic energy, is necessary in order to understand the cause 
of partial debonding 
8.2.3. Autogenous shrinkage 
Autogenous shrinkage is a term used to describe the external volume change experienced 
by a hydrating system when there is no moisture movement inside or outside of the specimen. 
Autogenous shrinkage is similar to chemical shrinkage when the paste is fluid: both of them are 
caused by the hydration of cement. Before solidification chemical shrinkage goes together with 
the autogenous shrinkage, and they start to deviate after the solidification. The point where the 
chemical and autogenous shrinkage deviates was sometimes used to identify the time of final set 
[74].  
The cause of autogenous shrinkage is due to the consumption of water in the capillary 
pores in the hydrated cement paste. After solidification has occurred, the paste volume cannot 
decrease freely. As a result, the hydration of cement particles generates substantial capillary 
pressures and shrinkage. The effect is known to occur more significantly if the size of capillary 
pore is smaller, especially in case of low w/c cement paste [73].  
From the results presented above, partial debonding is found to be associated with the final 
set of the cement paste. One can speculate that partial debonding is caused by the onset of the 
autogenous shrinkage in the cement paste. Since a standard testing procedure for measuring 
autogenous shrinkage at early age does not currently exist, it seems that the ultrasonic P-wave 
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reflection measurement can be one of the alternative measurements to determine the onset of 
autogenous shrinkage.  
8.2.4. Other possible applications 
The application of ultrasonic P-wave reflection for determining the water to cement ratio 
can provide practical information on assessing the quality of concrete in the construction field, 
for example water to cement ratio measurements from various locations gives an idea how 
different the properties of concrete are at each location. Therefore, this approach could have 
meaningful impact to the construction field.  
The possible other application of P-wave reflection is to estimate the air content of 
concrete. If the concrete is entrained with air, the density will be decreased, and as a result, the 
ultrasonic P-wave reflection with HIPS buffer will decrease, assuming the same aggregates and 
cement are used. If so, cumbersome air content field measurements could be improved. Likewise, 
the blending ratio of pozzolanic materials can be determined (since pozzolanic materials lower 
bulk specific gravities that the cement). The estimation of water to cement ratio, air content, and 
blending ratio of pozzolanic materials can be also measured using PMMA buffer; but in this case, 
the reflection coefficient would increase as increasing w/c, air content, and pozzolanic 
admixtures, which is opposite to HIPS response.  
8.3. Conclusions 
Promising applications for reflection-wave UWR was suggested in this research. It should 
be noted, however, that further experiments are required to derive more meaningful conclusions. 
The author hopes that the results provided in this research can be a stepping stone for the next 
level of research. 
Based on the presented results, the following conclusions are drawn: 
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1) P-wave UWR can be applied to estimate w/c of paste. Lower w/c cement showed 
higher reflection coefficient and is mainly caused by the increase in the density.  
2) The P-wave UWR showed indications of partial debonding between sample and buffer. 
Such response was only observed with HIPS and glass buffers and with w/c lower than 
0.5. The onset of partial debonding is most likely associated with autogenous shrinkage, 
considering its correlation to the final set time measured by S-wave UWR.  
3) The microstructure of cement paste at the buffer-cement paste interface is possibly 
affected by the application of ultrasonic waves.  
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9. SUMMARY AND FINAL CONCLUSIONS 
The objective of this research was to develop and extend the use of ultrasonic wave 
reflection (UWR) to monitor stiffening and setting of cement paste at early ages. UWR measures 
ultrasonic waves reflected from a buffer-cement paste interface, where the amount of reflected 
wave energy is regularly recorded. The use of a high-impact polystyrene (HIPS) buffer material 
and the application of a first echo compensating algorithm enabled a practical, sensitive, and 
straightforward method to monitor changes in the test specimen, using both P-waves and S-
waves.  
The ASTM C403 penetration resistance test method was applied to provide a reference 
value for times of set for hydrating cement paste. Some modification to the test procedure was 
necessary because ASTM C 403 is originally designed for mortar extracted from concrete. This 
modification in procedure is an alternative and more convenient test method for determining the 
time of set of cement paste.   
P-wave UWR using a HIPS buffer was successfully used to measure properties of aqueous 
solutions that represent the components in cement paste pore water solution. P-wave UWR 
showed linear reduction when the concentration of chemical solution was increased, which is 
associated with the increase in the acoustic impedance of the solution. Unified relationships 
between reflection coefficient and solution density and P-wave velocity, respectively, were 
observed, although more scatter was observed with the density data. The HIPS buffer showed 
stable behavior during the measurements with these chemical solutions, including high pH 
solutions, and therefore is suitable for measurements of high pH cement paste.  
P- and S-wave UWR measurements were performed on alumina suspensions in order to 
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understand the effects of dispersed and flocculated microstructures on the UWR response. The 
alumina suspension was chosen because clear microstructural change (dispersed vs. flocculated) 
can be easily achieved by adjusting the solution pH. The results demonstrated that S-wave UWR 
showed a clear distinction between dispersed and flocculated conditions whereas P-wave UWR 
showed little distinction between them, although the response did show sensitivity to particle 
settlement. The changes in S-wave UWR response were found to be caused by the formation of 
particle to particle contact in the flocculated suspension and time dependent condensation of the 
flocculated network.  
The changes in UWR with hydrating cement paste were associated with material stiffening 
and setting. The UWR responses from cement paste were determined at various w/c and with 
various buffer materials. Early changes, during first 20 minutes after mixing, were found to be 
associated with segregation (detected principally by P-wave UWR response) and flocculation 
(detected principally by S-wave UWR response) processes, respectively. Such observations are 
enabled by the choice of a low acoustic impedance buffer (HIPS), and it can be concluded that 
the use of the HIPS buffer improves the sensitivity of measurements on early age cement paste.  
Criteria for initial and final set using UWR data were proposed. The time of initial set was 
defined as the time at which the S-wave acoustic impedance decreases to 0.09 MRayls; the time 
of final set was defined as the time at which the minimum of the first derivative (with respect to 
time) of the S-wave response occurs. Both criteria showed good agreement with expected 
behavior for pastes with varying w/c. Therefore, it can be concluded that the HIPS buffers 
provide reliable and sensitive UWR data for setting time of cement paste. However, the setting 
times obtained by UWR did not show strong correlation with setting times obtained by 
penetration resistance. This difference is mainly caused by the differences in the testing 
138 
 
mechanism.  
S-wave UWR was applied to determine the onset of premature stiffening in cement pastes. 
A clear identification of premature stiffening is indicated by the rapid linear drop in S-wave 
UWR response in the first hours after mixing. This drop in reflection coefficient can be 
correlated to the degree of premature stiffening.  
The use of P-wave UWR is not common, principally because the response also contains 
ancillary information (e.g. owing to the density of mixtures, etc.) in addition to the development 
of microstructure in cement paste. Thus the interpretation of P-wave UWR results are rather 
more difficult and complicated. However this research indicates possible new applications of P-
wave UWR. P-wave UWR was shown to detect changes in the w/c of cement paste. P-wave 
UWR also indicated behavior attributed to partial debonding of the cement paste sample from the 
buffer when w/c is equal or lower than 0.5. The partial debonding response was observed only 
when HIPS and glass buffers were used. Such behavior is believed to be associated with the 
autogenous shrinkage of the cement paste, although further research is necessary to confirm this 
hypothesis. 
The major contributions and conclusions of this work are summarized as follows: 
1) The first reflected wave pulse can be used to obtain accurate measurements of 
reflection coefficient (r) between buffer and sample. This approach appears to be 
proposed for the first time, and the results for aqueous solutions and cement paste were 
satisfactory. The effectiveness of the method on concrete samples should be 
investigated. 
2) Very early changes, within the first hour after mixing, in P-wave and S-wave UWR 
response on cement pastes are enabled by the use of a low acoustic impedance (HIPS) 
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buffer. Such results have not been reported by others. It has been established that the 
early response is caused by settlement and flocculation of cement paste. The effects of 
changing pore solution concentration are less clear.  
3) The detection of premature stiffening in cement pastes is possible with S-wave UWR 
measurements and HIPS buffer. Determination of premature stiffening is difficult and 
tedious with existing methods, thus UWR measurements are superior to existing 
penetration resistance method for detection of premature stiffening.  
4) P-wave UWR measurements show potential for new and interesting measurement 
applications, for example monitoring of sample partial debonding and w/c in cement 
pastes. Further research is necessary in this area. The partial debonding is mostly likely 
related to autogenous shrinkage of cement paste since it correlates well with final set 
determined by S-wave UWR. Sensitivity to changes in w/c is likely due to the 
differences in the densities of such mixtures. 
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APPENDIX A. CONSTRUCTION OF LABVIEW PROGRAM 
First of all, the National Instruments Labview program and PCI 5102 digital oscilloscope 
device driver have to be installed on the personal computer, which is operated based on Windows 
2000, XP, or Vista. The device driver for PCI 5102 digital oscilloscope can be easily obtained 
from the NI website: http://joule.ni.com/nidu/cds/view/p/id/1254/lang/en. It should be noted that 
the Labview 7.1 version is used here to construct the data acquisition program. The step by step 
procedures on how to write data acquisition and signal processing are thoroughly presented in 
detail in Appendix A.  
A. 1. System setup for data acquisition and analysis 
After NI-SCOPE program (device driver for digital oscilloscope) is installed on windows, 
the NI-SCOPE icon is generated in the Labview program. The icon express can be found by right 
clicking the Labview block diagram and by going into INPUT section, as shown in Figure A.1. 
 
Figure A.1. Location of NI-SCOPE icon 
The NI-SCOPE has several options to check. First of all, double clicking the NI-SCOPE 
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icon will bring the screen shown in Figure A.2. According to the Figure A.2, the channels which 
are connected to pulser receiver needs to be verified. If it is connected to channel 0, then channel 
0 should be selected. The same rule applies to channel 1. In case of the experiments done in this 
work, two pulser receivers were used, so both channels 0 and 1 are turned on. The Range was set 
to 10, and AC coupling was chosen. Other parameters can be set as default. The sampling rate 
can be chosen for the maximum, which is at 20 mega samples per second.  
 
 
Figure A.2. NI-SCOPE configuration 
 
After the configuration setup is done, Trigger menu should be selected for the next step. 
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Default is setup for Immediate type. This has to be changed to Edge type. Then it brings up the 
image shown in Figure A.3. The source of the signal is External Trigger The Level (V) is set to 
500m, but it can be changed according to the signal condition. For the Advanced menu, default 
setup can be used. 
 
 
Figure A.3. Trigger setup for NI-SCOPE 
 
 
 
A. 2. Getting ready for signal processing 
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When only one pulser receiver is used, it is not necessary to use Sslect Signals option for 
the data acquisition. This icon can be found in the Sig Manip icon, as shown in Figure A.4. In our 
work, both P- and S-wave transducers were used, so the NI-SCOPE controls signals from 
channels 0 and 1 simultaneously. Therefore, SELECT SIGNALS had to be used to separate the 
waves from each channel. It is necessary to notice which one is from P-wave or S-wave.  
 
 
Figure A.4. Selection of select signals icon 
 
Once after Select Signals icon was selected, Figure A.5 shows up. The proper signal has to 
be selected for data processing. Here, Index indicates the channel number, so Inedx 1 means that 
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Labview program is separating the data from channel 1. If index 0 is chosen, the program will 
select the data from channel 0.  
 
 
Figure A.5. The selection of signals 
 
Next step is to go out of Block Diagram and select Front Panel. The Waveform Graph 
needs to be selected in order to monitor the signals obtained through the oscilloscope. The 
selection can be done by clicking Graph Inds icon and selecting Graph (in the middle one), as 
shown in Figure A. 6. 
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Figure A. 6. Selection of graph format 
 
 
Figure A.7. For Loop 
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The basic setup for obtaining and monitoring the ultrasonic wave signals are achieved by 
looping them as a group. The looping allows us to acquire the wave signals continuously. In this 
case, For Loop was used for selected number of data acquisition as shown in Figure A. 7. The 
icon Average Number means the number of loops that Labview is running in each case. This 
number will decide the number of signals obtained for time averaging. In this work, 100 time 
domain signals are averaged, but any other number can be also selected depending on the 
purpose. The icon  in the For Loop is to convert wave data suitable for the signal 
processing. The selection of  icon is shown in Figure A. 8. Once after it is selected, Figure 
A. 9 shows up, but it is not necessary to change anything from default setup. 
 
Figure A.8. Selection of data processing icon. 
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Figure A.9. The configuration for  icon 
 
A. 3. Signal processing 
From For Loop, the number of loops is decided and data are obtained. The obtained data 
are processed to reduce the noise level. This is called signal averaging, and it is performed by 
using Formula Node option. This option allows users to program for specific purposes that 
Labview program does not support. This Formula Nodesupports C++ based language. It is 
certain that there is an icon or a menu suitable for signal averaging, but it was difficult to find it 
at the time of program construction. It is also not so much difficult to use Formula Node. 
Moreover, this option is very versatile (can be done for most of the signal processing) if user is 
knowledgeable about C++ program. For this reason Formula Nodewas used consistently. The 
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Formula Nodecan be selected as shown in Figure A.10.  
 
Figure A.10. The selection of FORMULAR NODE 
 
Once after the Formula Nodeis chosen, the several input and output channels can be open. 
As shown in Figure A. 11, the blue input, Sig_Avg, is connected to the Average Numbers in For 
Loop. The signal is transferred to the Formula Node through Signal input channel. The output 
channel is named as Ave_Signal. It should be noted that the variables set for the programming 
Formula Node should be named after the input or output channel in Formula Node. It should be 
noted that signal length was set to 2k in Figure A.2, so same number was used (2000) for the data 
processing.  
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Figure A. 11. Use of Formula Node for signal averaging 
 
The program of this signal averaging was written as follows. It should be noted that the 
variable AVG_SIGNAL is named after the AVG_SIGNAL output shown in Figure A. 11. It 
should be also noted that the variables NUM_AVG and SIGNAL is also named after input 
channel shown in Figure A.11. If this is not done, the program will cause error. 
 
float avg_signal[2000]; 
int i; 
int j; 
for(i=0;i<num_avg;i++) 
{ 
    for (j=0;j<2000;j++) 
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    { 
        avg_signal[j] += signal[i][j] / num_avg; 
    } 
} 
 
 
Figure A. 12. Formula Node for signal windowing and zero padding 
 
The averaged signal is then transferred to another Formula Nodefrom Avg_Signal output 
channel to Inputarr input channel for windowing and zero padding of ultrasonic signals, as 
shown in Figure A. 12. The input channel S-wave First_Pnt and S-wave Second_Pnt indicates 
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the starting point for signal windowing. The output Inputarr is unprocessed data, whereas 
First_Data and Second_Data are windowed and zero padded signals for first and second reflected 
waves, respectively.  
The program for windowing of the signal is written as follows. It should be noted that Int 
Num_Sample = 100 is the duration of time domain signal, Int Num_Pre_Zero = 200 and Int 
Num_Post_Zero are the duration of zero padding. These numbers can be changed to any number 
if signals are not windowed adequately. The noise level of the reflected wave amplitude can be 
also reduced by increasing the number of zero padding. When these values changes, the total 
number for First_Data and Second_Data should be the same as the sum of all values changed.  
 
float first_data[500]; 
float second_data[500]; 
int i; 
float dt = 0.5e-7; 
int  num_sample =100; 
int num_pre_zero = 200; 
int num_post_zero = 200; 
int fp; 
int sp; 
fp = first_pnt; 
sp = second_pnt; 
for( i=0;i< num_sample;i++) 
{   
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    first_data[num_pre_zero + i] = inputArr[i + fp]; 
} 
for( i=0; i< num_sample;i++) 
{ 
       second_data[num_pre_zero + i ] = inputArr[i+sp]; 
} 
 
It should be noted that the number of points in the Formula Nodedepends on the sampling 
rate of the Ni-Scope configuration. According to the configuration shown in Figure A. 2, 20 M 
was selected for sampling rate (S/s). This indicates that 20 mega samples are collected per one 
second. In other words, for one sample, ଵ
ଶ଴ൈଵ଴ల
ൌ 5 ൈ 10ି଼  second is required. This is 
equivalent to 0.05 µs. Since 2000 arrays are obtained as shown from Figure A. 2 and one point 
indicates 0.05 µs, 2000 points indicates 100 µs of total duration of signal. If 100 points are 
selected for windowing, the time duration of windowing is equivalent to 0.05 ൈ 100 ൌ 5 µs. 
For zero padding for each side, 200 points were used, so the duration for zero padding is 
0.05 ൈ 200 ൌ 10 us on each side. If sampling configuration in Ni-Scope icon is changed, it 
should be well aware that these values will also change accordingly. 
The windowed and zero padded time domain signals are then transferred from First_Data 
and Second_Data output, shown in Figure A. 12, to icon for converting them into the frequency 
domain signals. Prior to the conversion of time domain signals to frequency domain signals, it 
should be noted that  icon should be selected to convert one dimensional scholar data to 
dynamic data. The selection of  can be done similarly as shown in Figure A. 8. Once this 
icon is selected, Figure A. 13 shows up. The Input Data Type should be changed from default to 
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Single Waveform, as shown in Figure A.13. When it is successfully done,  icon changes 
its shape into  icon. 
 
 
Figure A. 13. The configuration of  icon 
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Figure A.14. The selection of spectral analysis 
 
Once after  icon shows up, the time domain signals can be converted to frequency 
domain signal through  icon to Spectral Measurements icon. The selection of Spectral 
Measurements icon is shown in Figure A. 14. Once it is selected, the Result needs to be changed 
from default to Linear, as shown in Figure A.15. 
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Figure A. 15. The setup for Fast Fourier Transform 
 
As shown from Figure A.16, prior to sending the windowed and zero padded signals to 
, the waveform graph should be added to block diagram and the data is wired to the graph. 
The purpose is to visually check whether the time domain signals are windowed properly. If the 
signals are not windowed properly, proper windowing can be done by shifting the First_Pnt and 
Second_Pnt, or change Num_Samples in Formula Node. 
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Figure A. 16. Fast Fourier Transform 
 
The results after FFT analysis are sent through  to First_Fft and Second_Fft input 
channel in Figure A. 17. The blue colored Constant_Pnt is a point for peak frequency. Peak 
frequency can be visually determined by looking at the waveform graphs (S-wave Point 
Selectors). The program in the Formula Nodeis written as follows: 
 
float  first_peak; 
float second_peak; 
first_peak =  first_fft[constant_pnt]; 
second_peak =  second_fft[constant_pnt]; 
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Figure A. 17. Detecting amplitude at peak frequency. 
 
Figure A. 18. Maximum peak auto detect 
 
Sometimes, the peak frequency shifting can be observed during the ultrasonic wave 
reflection measurements. In this case, instead of using amplitude at fixed frequency, the 
maximum peak intensity can be detected to reduce noisy response of wave reflection 
measurements. The Formula Nodeused for this maximum peak detect is shown in Figure A. 18. 
The First_Fft input is for the signal from First_Data in Figure A. 16. The First_Peak output is for 
the processed data. The Second_Fft input and Second_Peak output channels are not setup in the 
example here, but the addition of these channels can be done by adding some parameters in the 
program in Formula Node. The blue colored Mm_I is the peak where the maximum intensity is 
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detected. It can be used to monitor the shifting of center frequency from the signals.  
For detection of the maximum peak intensity, program is written as follows:  
 
float first_peak; 
float mm; 
int mm_i; 
int i; 
mm= 0; 
mm_i=0; 
for(i=30;i<2000;i++) 
{ 
    if ( mm < first_fft[i]) 
    { 
        mm = first_fft[i]; 
        mm_i = i; 
     } 
} 
first_peak = mm; 
 
A. 4. Data storage 
The final processed data needs to be saved in a file. The data from First_Peak and 
Second_Peak output is sent to Write Labview Measurement File icon. This icon can be found as 
shown in Figure A. 19. Once it is selected, Figure A. 20 will show up. Various setting can be 
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done, but it is recommended to use No Headers. The file is saved in ***.lvm type file format, but 
it can be also saved in a text type file format by changing the file extension format manually, as 
shown in Figure A.19.  
 
Figure A. 19. Writing the reflected wave amplitude data 
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Figure A. 20. Configuration for saving processed data 
 
A. 5. Loop 
Once all the program is setup, the overall program needs to be inside the Loop for 
continuous measurements. The most recommend Loop is While Loop. This loop is processing 
data continuously until user hits stop button in the Labview program. The While Loop can be 
selected as shown in Figure A. 21. Once after loop is chosen the program allows the control of 
the loop boundary. Then the contents are in the area of loop boundary, it is in the control of while 
loop, as shown in Figure A. 22. 
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Figure A.21. Selection of while loop 
 
 
Figure A. 22. While loop 
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Although While Loop continues to record the data, the time consumed to finish all the 
tasks in the loop differs depending on the processing speed of testing setup. With PCI 5102 
digitizer with computer that has Pentium D processor (which is mainly used in this work) 
required 5 seconds to finish one loop. With PCI digitizer with computer that has quad-core 
processor required 2.3 seconds to finish one loop. With USB type 5102 digitizer with computer 
that has Pentium D processor required 14 seconds to finish one loop. Therefore, if the 
measurement needs to be done in controlled time, Timed Loop should be used instead of While 
Loop. This can be done by right clicking the border of While Loop and by changing it into Timed 
Loop, as shown in Figure A. 23. Then screen will show up Figure A. 24.  
 
 
Figure A. 23. Selection of timed loop 
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Figure A.24. Timed loop 
 
The upper left corner of the Timed Loop is for the configuration. It can be changed by 
double clicking that box. It should be noted that the time configuration is set in millisecond basis.  
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APPENDIX B. GUIDE TO OBTAIN REPRODUCIBLE ULTRASONIC WAVE 
REFLECTION MEASUREMENTS 
B. 1. The selection of couplant and transducer 
The first starting UWR testing setup utilized Panametrics V304 immersion type P-wave 
transducer and Panametrics V154 contact type S-wave transducer. The couplant for these 
transducers were commercial baby oil and honey for P- and S-wave, respectively. However, both 
couplants presented some problems during experiment.  
It was first found that the honey shear wave couplant, showed some problem associated 
with contact condition between S-wave transducer and buffer. The problem occurred during 
summer season. The temperature of the laboratory in summer (23ºC) was approximately 3ºC 
higher than spring and fall (20~21ºC), but reason for the couplant problem seemed to be 
associated more with the loss of viscosity due to higher relative humidity in the laboratory. 
Therefore, the honey could not be used any longer. To solve this problem, the couplant has been 
changed to a solid type couplant, phenol salycilate.  
The baby oil couplant was considered as a couplant that it did not show as much problem 
as honey. The typical shape of the ultrasonic P-wave reflection of w/c 0.5 cement paste is shown 
in Figure B.1. It was mentioned from our preliminary work [68] that initial increase in P-wave 
reflection was observed for first 20 minutes. The decrease in P-wave reflection was observed 
after 20 minutes, and this decrease was considered to be associated with pore solution 
concentration. However, it should be noted that this testing setup sometimes produced a weird 
spike which could have been associated with any kind of vibration. The shape of the curve was 
very similar to each other although the starting reflection coefficient varies quite a bit. It was 
very difficult to reproduce it. It was first attributed to the contact condition between cement paste 
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and HIPS buffer. 
 
 
 
Figure B.1. The ultrasonic P-wave response of w/c 0.5 cement paste. Note that this setup 
used immersion type P-wave transducer with liquid oil couplant. 
 
When the multiple measurements were performed to assess the reproducibility, the P-wave 
reflection data can be obtained as shown in Figure B.2. The initial increase was continuously 
observed but with different rate. The starting reflection value also differs from each measurement. 
The data do not show any alignment between them. The decrease of P-wave reflection after 
20~30 minutes was also not also consistent. In addition, the results from P-wave reflection 
measurements on various w/c cement paste (Figure B.3) indicates that there is no correlation 
between ultrasonic P-wave reflection and water cement ratio. The difference was hardly 
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noticeable between these cement pastes.  
 
Figure B. 2. The multiple ultrasonic P-wave reflections of w/c 0.5 cement paste. 
 
Figure B.3. The ultrasonic P-wave reflection of various w/c cement paste 
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Considering these reasons, the decrease from 20 minutes to 80 minutes are not associated 
with the increase in solution concentration. It is more likely associated with the instability of 
transducer-buffer interface. The possible causes are drying of the liquid couplant or loss of firm 
contact between transducer and buffer. The P-wave reflection data has never been reproducible 
until contact type transducer and a phenol salicylate couplant were used. The reproducible P-
wave reflection data were obtained since them, and are presented in Chapter 7, at Figure 7.12. 
 
Figure B. 4. The P-wave reflection coefficient measurements on air using two types of 
transducers and couplant. One with the contact transducer with phenol salicylate couplant, the 
other with immersion transducer with baby oil conplant. 
 
The difference between the use of contact transducer and the use of immersion transducer 
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is shown in Figure B.4. The contact transducer showed very constant response, whereas the 
immersion type transducer shows some variation in the data, which can be associated with slight 
changes in the transducer-buffer interface. It should be noted that the contact transducer with 
phenol salicylate couplant was able to pick up 8 reflected waves in buffer-air interface. The 
immersion transducer with baby oil couplant was able to pick up only 4 reflected in buffer-air 
interface. This indicates that the use of phenol salicylate couplant effectively transmits the 
ultrasonic wave energy through the buffer material, increasing the sensitivity at the buffer-testing 
material interface. The detection of partial debonding is the main consequence of increased 
sensitivity.  
B. 2. Moisture condition of HIPS buffer 
The use of HIPS provides very sensitive measurements on the testing material. However, 
because of this advantage, the degree of saturation in HIPS buffer also affects the ultrasonic P-
wave reflection measurements, ending up with slightly lower reflection amplitude obtained when 
some moisture exists on the surface of HIPS buffer surface. This indicates that the process of 
moisture saturation can be monitored, and it will be presented by the continuous decrease in 
wave reflection coefficient.  
When saturation process is occurring when the UWR response of cement paste is measured, 
it will cause data interpretation more difficult and complicated. Therefore, such effect should be 
eliminated prior to the measurement. To remove this effect, water was poured into HIPS 
container prior to the experiment. The HIPS container filled with water stays rests until the 
measurement begins. The duration for water saturation takes normally about 2 to 3 hours. 
B. 3. Time for the stabilization of transducer-buffer contact 
Since phenol salicylate is a solid in the room temperature, it was first placed in the oven to 
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raise the temperature above its melting temperature (43 to 46ºC). When it is completely melted, 
the transducer was in contact with liquid phenol salicylate. Liquid couplant was applied, and the 
transducer was brought into contact with buffer for mounting. The temperature of HIPS buffer at 
the transducer-buffer interface increased as a result, so it is necessary to bring it down the 
temperature down to the room temperature for accurate measurement.  
 
Figure B. 5. The acoustic impedances of HIPS depending on the temperature. 
 
The changes of acoustic impedance of HIPS depending on various temperatures are 
presented in Figure B.5. The acoustic impedance measurements were done by measuring the 
density and P-wave velocity of HIPS at each temperature. As temperature increases, the acoustic 
impedance of HIPS decreased linearly. However, the differences in acoustic impedance is only 
0.06 MRayls since density changes within these temperature ranges is only about 1.068 (at 20ºC) 
– 1.064 (at 40ºC) = 0.004 g/cm3 and P-wave velocity changes is also very small (2082 (at 20ºC) 
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– 2032 (at 40ºC) = 50 m/s). Considering the temperature rise recorded during the measurement 
of w/c 0.5 cement paste (about 3ºC rise in temperature), which is shown in Figure 7.14, the 
temperature rise occurring during the measurement is minimal, and therefore can be disregarded 
for the analysis. 
B. 4. Warming up of pulser receiver 
It is observed that the pulser receiver shows different amplitudes when it is turned on from 
cold state. If the pulser receiver was turned off for long time, it is recommended to turn it on for 
several hours prior to the experiments. The time required for the warm up was roughly about two 
to three hours. 
B. 5. Summary 
For obtaining reproducible ultrasonic wave reflection data, following procedure should be 
performed. 
1) The transducers should be mounted using phenol salicylate couplant.  
2) The moisture condition of HIPS buffer at the time of testing should be completely 
saturated. 
3) Once transducers are mounted, it is necessary to wait two to three hours until the 
measurement begins. 
 
 
 
 
 
 
180 
 
APPENDIX C. THE USE OF SEMI-ADIABATIC CALORIMETRY FOR HYDRATION 
STUDIES OF CEMENT PASTE 
In September 2006, Consolis technology has requested to determine the connection 
between calorimetry peaks and hydration reactions of their cements. The approach of this work is 
to use semi-adiabatic calorimetry measurement for hydration studies of cement paste. The 
contents covered in this section are to understand characteristics of unhydrated and hydrated 
cement, and to correlate specific hydration reaction to calorimetry response. From complete 
understanding the characteristics of these cements will be associated with better understanding of 
UWR responses from these cements. 
C. 1.  Introduction 
Isothermal calorimetry implies that the heat generation is measured while the sample is 
kept at close to isothermal conditions. The term “isothermal” indicates that there is no change in 
the temperature. Therefore, isothermal calorimetry uses a very small amount of sample 
(approximately 15g or less, in most cases 1 to 2 grams of cement paste) in order to avoid 
temperature gradients within the samples. However, the term “adiabatic” means that there is no 
change in the heat flow. The adiabatic calorimetry measures temperature changes in a sample by 
preventing heat flow in or outside of the insulated chamber. The complete insulation of the 
chamber is almost impossible, so in most cases, a heating circuit and sensor are installed in the 
chamber to compensate heat loss through the environment. 
One advantage of adiabatic calorimetry is to allow the use of larger concrete or mortar 
samples. The condition of adiabatic calorimetry is more “concrete like” than isothermal 
calorimetry. Therefore, adiabatic calorimetry is used to understand large scale activity, such as 
the behavior of concrete such as maturity, etc. In adiabatic calorimetry curve, the temperature 
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keeps rising as hydration continues, and presents plateau when there is hydration rate 
significantly decreased. As a result, the calorimetry data does not present any specific peak, if so 
then rather smooth or sometimes almost unclear, although the temperature rise of the specimen 
indicates the heat being produced during the hydration.  
In these days, semi-adiabatic calorimetry technique is often used for predicting setting time 
of concrete. The reason why it is called as semi-adiabatic is just because heat loss is not 
compensated by anything. The advantage of this system is on the easiness of making this testing 
setup. This is one major reason that semi-adiabatic calorimetry is more often used in the 
construction field. 
Consolis Technology has used semiadiabatic calorimetry for research on cement reactions 
in combination with studies on workability and hardening of concrete. They found that 
semiadiabatic calorimetry data have a clear connection to cement reactions and the development 
of compressive strength. Their request was to use semi-adiabatic calorimetry system for the 
hydration studies of cement paste showing premature stiffening. Since such approach is not 
commonly used for hydration studies, it is necessary to explore the use of semi-adiabatic 
calorimetry for alternative tool for hydration studies of cement paste. 
C. 2. Preparation 
In order to understand why some Consolis cements showed problems with premature 
stiffening, x-ray diffraction (XRD) was used to characterize the phase compositions of these 
three cements. In this research, salicylic acid/methanol extraction (SAM) was used to facilitate 
identification of C3A (aluminate), C4AF (ferrite), and minor phases such as calcium sulfate and 
alkali sulfates through removal of C3S (alite), C2S (belite), and CaO. In addition, KOH/sugar 
extraction was used to facilitate identification of α- and α’-C2S. Such extraction techniques were 
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used because the analysis of Portland cement is difficult because the large number of phases 
results in substantial peak overlap.  
C. 2. 1. Salicylic Acid/Methanol Extraction  
The sample, 5 g of cement or clinker, was added to a solution containing 20 g of salicylic 
acid in 300 ml methanol and the mixture was stirred at room temperature for 2 hours. The 
suspension was vacuum filtered using a Buchner funnel and a filter paper. The residue was 
washed with methanol and dried in a 60ºC vacuum oven until XRD analysis. In addition, for 
identifying the C3A polymorph, same SAM extracted samples were heated at 500ºC for 1 hour to 
convert all forms of calcium sulfate to insoluble anhydrite.  
C. 2. 2. Potassium Hydroxide/Sugar Extraction  
The sample, 9g of cement, was added to a solution containing 30g of KOH and 30g of 
sugar at 95°C. The suspension was stirred for one minute. Filtering of solution is often difficult 
using filter paper, so the suspension was allowed to settle for two minutes, then the top solution 
was poured off, and remaining suspension was centrifuged. After centrifuging, the top solution 
was poured off and residue was vacuum filtered, washed with 100-ml methanol, and stored in a 
60 °C vacuum oven until XRD analysis. 
C. 2. 3. Semi-adiabatic calorimetry 
Semi-adiabatic calorimetry tests were run on the three cement pastes in order to correlate 
the calorimetry response and hydration reactions. The semi-adiabatic calorimetry system used in 
this experiment is shown in Figure C. 1. The semi-adiabatic calorimetry system consists of Pico 
Technology data logger TC-08 and its operating software, type T thermocouples, and two heat 
insulating containers, which use 5-cm×10-cm cylinders, and is thus suitable for cement paste. 
The container has two connectors: one is for outside connection from data logger to the container, 
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the other is for inside connection from the container to the sample.  
 
Figure C.1. Schematic presentation of semi-adiabatic container for cement paste 
 
All pastes had a water-to-cement ratio of 0.5. Proportion used in the paste was 1500 g 
cement and 750 g water. The pastes were mixed according to ASTM C 305, modified slightly to 
prevent splashing.  
C. 3. Results 
C. 3. 1. Chemical composition of cements 
The results are summarized in Table C.1. The cement 1 contains high C3A and low C4AF. 
The sample contains two types of C3A, both the orthorhombic and the cubic form. The sample 
also contains two types of calcium sulfate, both calcium sulfate hemihydrate (CaSO4·0.5H2O), 
and gypsum (CaSO4·2H2O). This cement also contains both calcite and periclase. The ignited 
sample showed calcium langbeinite, although this phase was not found in SAM extracted sample. 
It was also found that tricalcium silicates are present as M1 and M3 form, and most of dicalcium 
silicate is the β-C2S (larnite) form. Some α-C2S is observed, but the relative amount is very small 
insulating lid 
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external joint 
internal joint 
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computer type T thermocouple wire 
Semi-adiabatic container 
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compared to β-C2S. 
The observation of calcium langbeinite in the ignited SAM residue is uncertain. It is 
possible that calcium langbeinite can be formed during ignition at 500°C due to the dehydration 
of syngenite. However, no syngenite was found either in unhydrated cement or SAM extracted 
sample.  
The Cement 2 also contains two types of C3A, cubic and orthorhobic. Unlike Cement 1, 
this cement contains three types of calcium sulfates, gypsum, hemihydrate, and anhydrite. This 
cement does not contain any calcite, periclase, or alkali sulfate. Since three types of calcium 
sulfates are present, stiffening could be an issue. Tricalcium silicates are present as M1 and M3 
form, and most of dicalcium silicate is the β-C2S (larnite) form. α-C2S was also found. 
 
Table C.1. Summary of XRD phase analysis of three cements from Consolis 
 Cement 1 Cement 2 Cement3 
C3S Mostly M1, M3 form Mostly M1, M3 Mostly M1, M3 
C2S Mostly β-C2S, some α-
C2S 
Mostly β-C2S, some α-
C2S 
Mostly β-C2S, some α-
C2S 
C3A Orthorhombic and cubic Orthorhombic and cubic Orthorhombic and cubic
C4AF Brownmillerite Brownmillerite Brownmillerite 
Sulfates Hemihydrate and 
gypsum 
Hemihydrate, gypsum, 
and anhydrate Hemihydrate 
Other 
constituents Calcite, periclase none Calcite, periclase 
 
The phase composition of Cement 3 is very similar to that of Cement 1. The sample 
contains two types of C3A, both the orthorhombic and the cubic form. This cement contains both 
calcite and periclase. Similar to Cement 1, the ignited sample (Figure 10) showed calcium 
langbeinite, although this phase was not found in SAM extracted sample. However, this cement 
contains no gypsum, only calcium sulfate hemihydrate (CaSO4·0.5H2O). Tricalcium silicates are 
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present as M1 and M3 form. Most of dicalcium silicate is the β-C2S (larnite) form, but some α-
C2S was also observed. 
C. 3.2. Semi-adiabatic responses 
The calorimetry curves are presented in Figures C.2 and C.3. The ranking of cements 
according to the time of their main temperature increase was 2<1<3. The derivative curves 
indicate that all three cements have more than one hydration peak. Cement 1 has a broad 
shoulder at about 375 min, a sharp peak at about 460 min, and a broad shoulder at about 520 min. 
Cement 2 has a shoulder at about 300 min and a sharp peak at about 364 min. Cement 3 has a 
broad peak at about 480 min and a sharp peak at about 575 min.  
 
Figure C.2. Semi-adiabatic calorimetry curves for cement pastes. 
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Figure C.3. Semi-adiabatic calorimetry curves for cement pastes showing first derivative with 
respect to temperature 
 
Based on the calorimetry results, we have selected sampling times for XRD analysis. Our 
aim was to sample each paste before and after each peak observed in Figure C.3. The sampling 
times are listed in Table C.2.  
 
Table C.2. Sampling times 
Cement 1 160 min 385 min 500 min 580 min 
Cement 2 160 min 348 min 400 min 580 min 
Cement 3 280 min 530 min 720 min - 
 
C. 3. 3. Hydrated cement phases  
XRD analyses of hydrated cement pastes were performed on the cements collected at 
specific times listed in Table C.2. After sample was collected from semi-adiabatic container, 
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specimens were placed in a 20-ml glass bottle, filled approximately one-third with paste, and 
methanol was added to stop hydration. After stopping hydration, sample was analyzed using 
XRD.  
For each cement, XRD patterns were collected on the unhydrated cement, after 5 minutes 
of hydration, and at the sampling times listed in Table 4.2. The 5 minute sample was taken in 
order to find evidence of premature stiffening, in this case secondary gypsum formation. Peaks 
used for intensity measurements were as follows: C3S 32.1, C3A 33.1, CH 18.0, ettringite 9.0, 
ferrite 12.1, bassanite 14.7, gypsum 11.6, AFm 9.9. It should be noted that peak intensities 
reported in this report is not obtained using internal standard, so intensities can only be used as 
an approximate indication of the amount of each phase. The XRD patterns of hydrated cement 
paste are presented in Figures C.4, C.5, and C.6.  
 
Figure C. 4. XRD patterns of hydrated cement 1 
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Figure C.5. XRD patterns of hydrated cement 2 
 
Figure C. 6. XRD patterns of hydrated cement 3 
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C. 3. 3. 1. Cement 1 
The XRD peak intensities of hydrated cement 1 are presented in Table C.3. At 160 minutes, 
C3A and C3S intensity had decreased. The intensity of ettringite was increased. The gypsum 
intensity decreased only slightly. At this period, there was dissolution of calcium sulfates and 
calcium aluminates, but no further hydration was observed. It is assumed that some C3S has 
dissolved but produced no solid hydration product.  
At 385 minutes, the intensities of both gypsum and C3A were about the same. C3S 
intensity decreased and CH is observed, indicating hydration of C3S during this time period. At 
500 minutes, CH intensity increased substantially. C3S hydration still dominates hydration of 
cement. Gypsum intensity decreased, but C3A intensity did not change, ettringite intensity was 
unchanged and no AFm was observed. At 580 minutes, further hydration of calcium silicate was 
observed. There is some intensity decrease in C3A, gypsum was completely disappeared, but 
there is no significant evidence of ettringite formation or AFm formation occurred during this 
period. 
Table C.3. XRD peak intensities of phases in hydrated cement 1 
 Unhydrated 160 min 385 min 500 min 580 min 
C3S 1537 1261 911 791 518 
C3A 457 346 353 344 290 
CH 0 0 278 825 1117 
Ettringite 0 164 227 144 174 
Ferrite 134 92 92 86 97 
Bassanite* 170 0 0 0 0 
Gypsum 83 202 200 71 0 
AFm 0 0 0 0 0 
* Bassanite is the mineral name of calcium sulfate hemihydrate. 
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C. 3. 3. 2. Cement 2 
Peak intensities are presented in Table C. 4. The ferrite intensity in the unhydrated Cement 
2 (74) is about 50% of the intensities in Cement 1 (134) and in Cement 3 (112). The color of 
Cement 2 is lighter than those of Cements 1 and 3.  
At 160 minutes, C3A and C3S intensities decreased. No CH was observed. The intensity of 
ettringite was very similar to that observed at 5 min. The intensity of gypsum was decreased.  
At 385 minutes, gypsum was still observed but its intensity was further decreased. The intensity 
of ettringite was increased. In addition, AFm peaks were observed. Much CH was observed. In 
this period, C3S hydration appeared to be the main reaction, with C3A hydration at the same time. 
At 400 minutes, C3S intensity was almost the same, but C3A intensity decreased. The 
intensity of ettringite decreased. The intensity of AFm increased. CH was also increased. 
Gypsum had completely disappeared at this time. In this period, AFm formation appeared to be 
the main reaction, with C3S hydration at the same time. At 580 minutes, CH intensity further 
increased and C3S intensity further decreased. The intensity of C3A, ettringite, and AFm were the 
same as 400 minutes sample. In this period, calcium silicate hydration appeared to be the main 
reaction. 
Table C.4.XRD peak intensities of phases in hydrated cement 2 
Cement 2 Unhydrated 160 min 348 min 400 min 580 min 
C3S 1842 1061 773 728 472 
C3A 620 389 395 198 179 
CH 0 0 591 734 1136 
Ettringite 0 156 318 230 249 
Ferrite 74 54 48 0 0 
Bassanite 138 0 0 0 0 
Gypsum 93 178 48 0 0 
AFm 0 0 77 239 228 
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C. 3. 3. 3. Cement 3 
Peak intensities are presented in Table C. 5. At 280 minutes, the intensities of C3S and C3A 
decreased, and the intensity of ettringite was almost the same. CH was observed. In this period, 
C3S and C3A reaction occurred together.  
At 530 minutes, intensities of C3S and C3A further decreased. CH intensity increased 
substantially. All the gypsum is gone. The ettringite intensity was almost the same. However, no 
AFm was observed. In this period, C3S hydration appeared to be the main reaction, with some 
C3A hydration.  
At 720 minutes, intensity of C3A further decreased. Intensity of ettringite decreased a bit. 
AFm was observed. It appears that AFm has mostly formed by direct reaction between C3A and 
gypsum, not by conversion of ettringite. The intensity of C3S decreased, and the intensity of CH 
increased. In this period, C3S hydration and C3A hydration occurred together. 
 
Table 5. XRD peak intensities of hydrated cement 3 
Cement 3 Unhydrated 280 min 530 min 720 min 
C3S 1621 1094 718 525 
C3A 554 408 266 116 
CH 0 161 711 845 
Ettringite 0 241 215 181 
Ferrite 112 92 65 59 
Bassanite 142 0 0 0 
Gypsum 62 161 0 0 
Afm 0 0 0 195 
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C. 3. 4. Thermal analysis 
Thermal analysis was used to support XRD results. The amount of sample for thermal 
analysis was approximately 20mg each, although some variation in weight of each sample exists. 
Samples for thermal analysis were exactly the same samples which were previously analyzed by 
XRD. After XRD, samples were stored in vacuum desiccater with dry-rites to prevent further 
hydration. DTA (differential thermal analysis) – TGA (thermogravimetric analysis) sample 
holder was placed at Netzsch STA-409 thermal analysis equipment although only TGA data are 
presented here. Air was constantly supplied during the test. Heating rate was 10°C/min with 
temperature range of 25~800°C.   
C. 3. 4. 1. Cement 1 
The TGA data of cement 1 is presented in Figure C. 7. The weight loss near 100°C, and 
150°C with 160 minutes sample of cement 1 could be due to gypsum dehydration. There were 
approximately 1.3% weight loss near 100°C, and 0.5% weight loss near 150°C. However, there 
are also some possibilities that these peaks are due to ettringite or C-S-H decomposition. Since 
ettringite has also found from XRD results, the peak near 100°C could be peaks affected by both 
gypsum and ettringite. The amount of CH increased as hydration time increased. At 160 minutes, 
no weight loss was observed at CH peak, but at 386 minutes 0.7% weight loss, at 500 minutes 1% 
weight loss, and at 580 minutes 1.9% weight loss was observed. 
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Figure C. 7. TGA results of cement 1 
 
C. 3. 4. 2. Cement 2 
The TGA data of cement 2 is presented in Figure C. 8. With cement 2, there were 
approximately 0.9% weight loss near 100°C, and 0.4% weight loss near 150°C. The amount of 
gypsum or ettringite in cement 2 is less than the amount of gypsum or ettringite in cement 1 and 
3.  
Similar to Cement 1, the amount of CH in cement 2 increased as hydration time increased. 
At 160 minutes, no weight loss was observed at CH peak, but at 386 minutes 1.4% weight loss, 
at 500 minutes 1.8% weight loss, and at 720 minutes, 3.2% weight loss was observed. Compared 
with cement 1, the amount of CH at the same time is approximately 2 times as high as the 
amount of CH in cement 1. This can be the reason why cement 2 showed fastest hydration.  
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Figure C. 8. TGA results of cement 2 
 
C. 3. 4. 3. Cement 3. 
The TGA data of cement 3 is presented in Figure C. 9. With cement 3, there were 
approximately 1.5% weight loss near 100°C, and 0.5% weight loss near 150°C. The amount of 
CH increased as hydration time increased. At 280 minutes, 0.2% weight loss was observed. At 
530 minutes, weight loss was 1.5%, and at 720 minutes, weight loss was 2.6%. 
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Figure C. 9. TGA results of cement 3 
 
C. 3. 4. 4. Summary 
According to the XRD results, at 160 minutes Cement 1 and Cement 2 did not show any 
CH. The same results were found using thermal analysis. Although at 280 minutes Cement 3 
showed CH by XRD, no significant DTA peak was observed. Strong, well resolved, wide CH 
peaks were only observed at longer hydration times. In order to summarize the results more 
efficiently, the calorimetry curves with the hydration reactions are presented in Figures C. 10, C. 
11, and C. 12.  
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Figure C. 10. Hydration reaction of cement 1 
 
 
Figure C. 11. Hydration reaction of cement 2 
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Figure C. 12. Hydration reaction of cement 3 
 
C. 4. Conclusions 
It is shown from the results that the use of semi-adiabatic calorimetry can be successfully 
used for hydration studies of cement paste.  
 
 
